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Series Preface 


The Water Treatment Plant Operation Series includes material 
of interest and value to all water utility personnel. The informa- 
tion is presented in the context of present-day utility operation 
under increasingly stringent social, economic, technical, and legal 
considerations. 

Water system employees will find the books in this series 
useful at all stages of the certification process. Similarly, these 
texts contain topical material helpful to those involved in the tech- 
nical training and testing of utility personnel. 

Considerable effort has been exerted to ensure that the sub- 
ject matter is current and consistent with requirements through- 
out the United States. Where choices from among varying levels 
of knowledge were necessary, the most stringent option was 
selected. 

The books in this series have been prepared from material 
used to train water utility personnel. We expect that the books 
will continue to prepare increasing numbers of people for careers 
in the water works industry. 


Virgil W. Langworthy 
Series Editor 


OTHER VOLUMES IN THE SERIES 


Review Manual for Operators by Wm. Elgar Brown and 
Richard S. Sacks. 


Mathematics for Operators by E.J. Way 
Chemistry for Operators by Robert L. Fountain 
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Preface 


The flow of water and wastewater through pipes and channels, 
the use of pumps, and the effects of pressure exerted by water in 
a constructive or destructive fashion form a body of knowledge 
that is of vital importance to workers in the fields of water supply; 
treatment and distribution; and wastewater collection, treatment, 
and disposal. 

Although the exact treatment of most problems dealing with 
fluids can be extremely complex, this text has as its major objec- 
tive the treatment of the subject matter in as simple a fashion as 
possible. Therefore, the math has been simplified in this text. It 
is necessary that the student have the ability to operate an elec- 
tronic calculator and to be able to interpolate from a nomograph. 

It must be pointed out that this material can best be learned 
through the solution of problems. To that end, the lessons ter- 
minate with a list of problems. 

_ The author wishes to recognize the original authorship by the 
Sanitary and Water Resources Engineering staff at the University 
of Michigan. Development of the original manuscript was super- 
vised by Dr. Jack Borchardt at the request of the education com- 
mittees of the Michigan Section, American Water Works 
Association and the Michigan Water Pollution Control As- 
sociation. 

Recognition is also accorded to Mr. Roger Zeeff, P.E., for 
the use of his notes resulting from teaching hydraulic courses in 
recent years and to Ms. Suzanne Olivier for her patience and 
understanding in typing the original text. The original edition had 
numerous errors that hopefully have been corrected in this re- 
vised edition. 


Wm. Elgar Brown 
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Hydraulic Concepts 


This chapter is designed to present the basic definitions common 
to the field of hydraulics as used in water supply and sewage 
treatment. Some common abbreviations which will be used 
throughout the book are: 


gpm = gallons per minute 


mgd = million gallons per day 
cfs = cubic feet per second 
psf = pounds per square foot 
psi = pounds per square inch 
FLUID 


This text will deal with the fluid, water. A fluid is defined as a 
substance which will take the shape of its container. This is an 
extremely valuable property which is often the basis of metering 
or measuring the quantity of a flowing fluid. 

Since this text deals only with water or wastewater, the term 
fluid shall be understood to mean water only. All gases or other 
forms of liquids will be excluded except when used to illustrate a 
difference. At such times, the materials will be defined by name. 

In this text a fluid must be considered incompressible. Thus, 
a cubic foot (0.03 m+) of water will occupy a volume of one cubic 
foot regardless of how much pressure is applied to it. 


— 
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WEIGHT 


Weight is defined as the force of the earth’s gravitational pull upon 
a body. A falling body increases its speed as it falls to the earth. 
As a result, there is an increase in speed at the rate of 32.2 feet 
per second per second (ft/sec*) or 9.81 m/sec*. This term is re- 
ferred to as g and means that a falling body will increase in speed 
32.2 feet per second every second that it falls. 

We are frequently concerned with the weight of a substance, 
or a definite quantity of fluid. The attraction of the earth for the 
substance will cause the material to have weight, and this weight 
will be considered to be the same wherever this material is placed, 
regardless of any change in its physical shape. The unit in which 
weight is most frequently expressed is the pound (Ib), or kilogram 
(kg) (2.2 Ib). For large weights, the ton (2000 pounds) is used. 

A man may know that he weighs 160 Ib (72.7 kg), but he 
would never know what volume he occupies. He buys meat by 
the pound, but he buys milk by the quart or gallon and his water 
is paid for on the basis of gallons or cubic feet. 

Thus, volume is also an important aspect of a fluid. The con- 
cept of the cubic foot is merely a box one foot on each edge. In 
the study of hydraulics, the student jumps back and forth between 
volume of water and weight of water, and he must know how to 
make the conversion. 

The weight of a substance per unit volume is defined as its 
specific weight. One cubic foot of water weighs 62.4 Ib (28.4 kg). 
Thus, the specific weight of water is 62.4 lb/ft*. If our 160-lb man 
were considered to be all water contained within a thin weightless 
membrane, then his volume would be 160/62.4 = 2.56 ft?. 


o . o¢ ‘ 
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Example 1-1 


If the specific weight of a given sand is 105 1b/ft?, how much does 
a cubic yard (yd+) of sand weigh? 


l yd? = 3ft x 3it xX 3h = 271 


27 ft? weighs 27 x 105 = 2835 Ib/yd3 
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How many cubic feet of the above sand would be found in 
one ton of sand, and how many cubic yards would this be? 


One ton = wal = 19 ft- 


19 
One ton = — = 0. 
ne ton 7 0.704 yd 


Most fluids other than water can be compared to pure water 
with regard to their weight per unit volume. This comparison is 
known as specific gravity (SG), and is a ratio of the weight per 
unit volume of the other fluid compared to water. Mercury, some- 
times used in water works instrumentation, weighs 849 1b/ft?. 


SG of mercury = a = 13.6 


ELEVATION 


The term elevation is often encountered in water works practice. 
It usually means the height of a point, this height being measured 
in feet above a datum plane. The usual datum is mean sea level. 
Thus, an elevation of 860 means 860 feet above sea level. In the 
case where no known reference to sea level is available, elevation 
is referred to some other easily obtained datum, such as the main 
floor of the water plant. This datum is given an arbitrary eleva- 
tion, such as 700 (meaning, let us assume this floor is 700 ft above 
sea level). Then all points can be set above or below 700 by the 
correct distance. 

It must be noted that no matter whether the datum is sea 
level or merely an arbitrarily assumed value, the actual vertical 
distance in feet between two points is given by subtracting the 
lower elevation from the higher elevation. 

The term head is also used in the field of hydraulics. It usually 
refers to a height in feet of water above the point in question; for 
example, ‘‘an opening in the side of a tank is discharging water 
under a head of ten feet.’’ The head would be measured from the 
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centerline of the opening to the water surface above. If one knew 
the elevation of the water surface and the centerline of the open- 
ing, then the head would be the difference in the two elevations. 

Later in the text the term head will be shown to involve en- 
ergy. The aspects of motion and the loss of energy in friction due 
to motion change the simple picture of head as described above. 
For the present, it is sufficient to know that head means feet of 
water above a point. This term in many cases is synonymous with 
pressure. (Pressure will be discussed in Chapter 2.) 


AREAS (\= (7 CO) wae 


Areas of a square or rectangle are calculated by multiplying the 
length by the width and expressing the product in square feet. 
An area in square feet may be converted into acres 'S (ac) by divid- 
ing by 43,500 ft?/ac.  /~ ¥ < 

In calculating the area of a circle, the terms rains and di- 
ameter are needed. The diameter of a circle is twice the radius. 
The radius is the distance from the center of the circle to the 
outside edge of the circle. The area (A) of a circle is equal to pi 
(at), which is 3.14, times r?, or A = amr?. Since r = d/2 we can 
substitute for r? the term (d/2)? and the equation becomes 3.14 
x (d/2)*, or the area of a circle is equal to 3.14 (d?/4). 

The distance around the edge of a circle is known as its cir- 
cumference. It can be computed using the equation for the cir- 
cumference of a circle, c = md. It is possible to find the diameter 
of a pipe when the pipe is closed by measuring the distance around 
the outside of the pipe and, with allowance for the pipe wall 
thickness, determine the inside diameter. 

The above information is most often used in finding the cross- 
sectional area of circular pipes. If one has a free length of pipe, 
ae easiest measurement is a diameter, and the area is simply 

= (3.14/4)d*. The area is usually desired in plas feet, so d 


ain = vet tOoLGEe 
Ae Fi 


Example 1-2 


A pipe has an inside diameter of 2 in. What is its area in square 
feet? 
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First, convert inches to feet by: 


8: pe 
A = (17)? = 0.022 ft 


Frequently situations exist where diameter cannot be mea- 
sured. 


Example 1-3 


What is the area of a pipe which is erected and cannot be taken 
down? In this case, one can measure the circumference and com- 
pute the outside diameter, allowing for pipe thickness; select a 
logical inside diameter; and then compute the area. 

A cast iron gallery pipe measures 54.5 in in circumference. 
What is its inside area? 


54.5 
c = 3.14 d; sone! = 314 17.4 in 


Diameter (out to out) = 17.4 in (allowing for wall thickness 


and knowing pipe diameters are in even inches, inside diameter 
must be 16 in). 


14 
A= a, 33)2 = 1.39 ft? 


VOLUME 


The volume (V) of a rectangular tank would be most easily com- 
puted by measuring its dimensions and determining the product 
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of L xX W x D = Vol. Thus, a tank 100 ft long, 10 ft deep, and 
40 ft wide would contain: 


V = 100 x 10 x 40 = 40,000 ft? 
Likewise, such a tank would contain: (1 ft? = 7.48 gal) 


V = 40,000 x 7.48 = 299,200 gal 


Example 1-4 


If water is flowing into the above tank at the rate of 100 gpm, 
how long will it take to fill the tank? 


2995200 — : 
TiS 2992 min 
2992 
ae = 49.8 hr 
49.8 
ae ee 
74 2.08 days 


The volume of a cylindrical tank is determined by calculating 
the product of the area of the base and the height of the tank. If 
one remembers to use A = (3.14/4)d? (where d is measured in 
ft), then the volume = (3.14/4)d?h. 


Example 1-5 


A standpipe has a diameter of 30 ft and a height of 80 ft. How 
many ft? does it contain and how many gallons? 


Vv = a (30)2(80) 


V = 56,500 ft? 
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V = 56,500 x 7.48 = 423,000 gal 


It should be noted that a pipe is, in effect, a long cylinder. 


Example 1-6 
How much water can be stored in a 16-in pipe that is 120 ft long? 


16 
d= — = % 
D 1:33 sft 


3.14 
V = => (1.337(120) = 167 ft 


167 ft? x 7.48 gal/ft? = 1250 gal 


In the measurement of flow at a gauging station along a river, 
the unit second-feet is often used. For example, the average dis- 
charge of a river during a one-month period was 38 second-feet. 
This terminology is synonymous with cfs and should always be so 
interpreted. 

A somewhat different unit of volume is the ac-ft, which is one 
acre of area covered with one foot of water. This term is applied 
to such items as earth reservoir storage. For example, a reservoir 
has a capacity of 1500 ac-ft. Since one acre equals 43,560 ft?, the 
ac-ft must be equal to 43,560 ft, or 43,560 x 7.48 = 326,000 
gallons. 

The reservoir above therefore has a storage of: 


1500 x 43,560 = 65,340,000 ft? 
1500 x 43,560 x 7.48 = 488,743,200 gal 


Now from the size of the numbers it can be seen that the ac- 
ft is, in reality, a device to record fairly large numbers in a rec- 
ognizable but simpler form. 

The term cubic feet (ft?) has previously been defined. A sub- 
division of this unit is the gallon. Though gallons are based on a 
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definite number of in?, it is best to deal only with the relationship 
of gallons to cubic feet (7.48 gallons = 1 cubic foot); since 1 cubic 
foot weighs 62.4 lb, a gallon must weigh 62.4/7.48 = 8.34 lb. 


UNITS OF FLOW 


The units of flow are the means by which a volume of water 
passing a particular point in a unit of time is measured. The most 
frequently used measures are the cubic foot per second (cfs), 
which is one cubic foot of water passing a point every second, 
and gallon per minute (gpm), which is one gallon of water passing 
a point every minute. One cubic foot per second is equal to 448.8 
gallons per minute (1 ft?/sec x 60 sec/min xX 7.48 gal/min = 448.8 
gal/min). The unit million gallons per day (mgd) is also used. This 
is the flow in million gallons of water flowing past a point each 
day. 

Most pumps are sold with a discharge rating in terms of gpm. 
Sand filters are sometimes rated in terms of million gallons per 
day. Water rates are quoted on the basis of cost per thousand 
gallons or hundred cubic feet. 


Example 1-7 


A 100-gpm pump will pump how many cubic feet per second 
(cfs)? 


LOO 


= —— = 13.4 ft3/mi 
Q 748 1 ft3/min 
13.4 
= 60: IN 24S) ers 


Flow rate (Q) will be discussed in more detail in Chapter 3. 


SLOPE 


Since it is not always possible or desirable to lay pipe in a level 
or horizontal position, we use the word slope to describe the rise 
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or fall of the pipe with respect to horizontal distance. This vertical 
rise or fall is measured in feet. If the elevation of each end is 
known, the rise or fall can be found by subtracting one elevation 
from the other. Thus, a pipe, one end of which is one foot higher 
than the other, is said to slope. One way of expressing the slope 
is as a percent. If the pipe mentioned above is 20 ft long, the rise 
or fall (1 ft) occurs in a horizontal distance of approximately 20 
ft (the length of the pipe) and its slope is 1/20, or 5%. 


HYDRAULIC RADIUS 


When water flows in a pipe, the water rubs against the sides of 
the pipe, resulting in what is known as pipe friction. This friction, 
and the head loss which results from it, is described more fully in 
Chapter 5. In the calculations of the flow through pipes or other 
conduits, we find a term known as the hydraulic radius. The hy- 
draulic radius is a measure of the efficiency with which a conduit 
can transmit water. By definition, the hydraulic radius is the wet- 
ted area of flow divided by the wetted perimeter. (The wetted 
perimeter is the length of the cross section of the conduit which 
is in contact with the water.) 

For example, the hydraulic radius of a 12-in-diameter pipe 
flowing full is found as follows: 


Wetted area of flow = cross sectional area of pipe 


nd)? 3.14 x 1 


= 0.785 ft? 
4 + 


Wetted perimeter = circumference of the pipe 
= ond = 3.14 x 1= 3.14 ft 


Wetted area 
Wetted perimeter 
a (d)?/4 se 

ardaue would 


Hydraulic radius 
= 0.25 ft 


As can be seen by the previous example, the hydraulic radius 
for a circular pipe flowing full is d/4. 
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For the best efficiency in transmission of fluids it is necessary 
to have the greatest area of flow with the least amount of contact 
with the wetted surface of the conduit (wetted perimeter). 

A circular pipe gives the maximum flow area for the least 
wetted perimeter for a totally enclosed conduit. As an illustration, 
let us assume an area of flow of 2 ft? and determine the hydraulic 
radius of various shapes with this cross sectional area, all flowing 
full. 


Example 1-8 


Circular pipe: 


nd)? _ 


p= 
4 


2 ft? 


Solving for d gives, d = 1.595 ft. (Since this is an arbitrary 
area, the diameter is not necessarily an available pipe size.) 


1.595 


d 
Hydraulic radius = 4 eS 0.399 


Square channel: 
Area of flow = 2 ft? = h X w = 2 ft? (closed at top) 


h = w (for square channel) 


h? = 2 
h = 1.414 = w 
h 

are 
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2h + 2w 
(2 x 1.414) + (2 x 1.414) = 5.656 


Wetted perimeter 


= 0.354 


: : iz 
Hydraulic radius = 5 656 


Rectangular channel where w = 2h: 
A = 2 ft? (closed at top) 


AS =twhi= 28 0or> 2h4%=* 22) hoi ft and*sw'= 2-f¢t 


Wetted perimeter = 2w + 2h = 6 
Z 
Hydraulic radius = i 0333 


The same type of relationships can be shown comparing flow 


in half of a circular pipe with flow in square or rectangular chan- 
nels which are open at the top. As shown by these calculations, 


the 
the 


circular shape produces the highest hydraulic radius. The larger 
hydraulic radius the more efficiently (with lower head loss) 


the water is carried by the conduit. 
PROBLEMS 
1-1. Ifa tank 150 ft long, 10 ft deep, and 35 ft wide is full of 


water, how many gallons does it contain? A pump which 
is rated at 100 gpm is being used to pump out this tank, 
and it takes exactly three days to empty it. What is the 
average pumping rate? 


Answer: 392,700 gal, 90.9 gpm 


12 


1-2. 


1-3. 


1-4. 


1-5. 


1-7. 
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Determine the hydraulic radius for each of the following: 


a. 24-in i.d. circular pipe flowing full. 

b. 24-in i.d. circular pipe flowing half full. 

c. Rectangular section, 3 ft x 2 ft closed at the top, all 
surfaces wet. 


Answer: a. 0.50 ft 
Das Oath 
Cre OL60Et 


If the elevation of the bottom of one end of a channel is 
732.48 ft and the other end has an elevation of 730.22 ft 
and the channel is 57.3 ft long, what is the slope of the 
channel? 


Answer: 3.94% 


A circular tank 15 ft in diameter has a flow into it at the 
rate of 75 gpm. If the tank is 10 ft deep, how long will it 
take to fill if it has 3 ft of water in it at the beginning? 


Answer: 123 min 
Compute the specific weight of each of the following, in 
lb/ft? 


a. 3 yd? of material weighing 1475 lb 
b. 5 gal of material weighing 75 lb 


Answer: a. 18.2 lb/ft? 
b. 112.2 1b/ft3 


Compute the specific gravity of each of the following: 


a. Alcohol, which weighs 6.65 lb/gal 
b. Gasoline, which weighs 7.5 Ib/gal 


Answer: a. 0.797 

b. 0.899 
A pail of water weighs 40.0 lb and the empty pail weighs 
2.5 lb. How much water (in gallons) is in the pail? 


Answer: 4.5 gal 


1-8. 
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It is necessary to determine the volume of water contained 
in a section of a pipe line 8 in’in diameter and 1000 ft long 
for disinfection. What is the volume? 


Answer: 349 ft?, or 2610 gal 


be a 
>. Pics 
ths ae. ot cor eid gt 
: Lear 
"2 | 


ac af F 
?-% > 


A 
Fhe oh vs ) 
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Pressure 


Pressure is a basic hydraulic concept that water and sewage works 
personnel frequently encounter. Fluids, such as water and air, 
have weight and therefore exert pressure or force upon surfaces 
of contact. In another sense, pressure can be thought of as the 
tendency for a fluid to force its way out of confinement. Pressure 
can be presented in two ways: first, as total pressure which relates 
to the total force exerted by a fluid on the surface under consid- 
eration; second, and more commonly, as unit pressure which is a 
measure of the force exerted by a fluid upon a unit area of the 
surface under consideration. This unit pressure may also be 
thought of as a pressure intensity. 


TOTAL PRESSURE 


The student should begin by developing the concept of total pres- 
sure being equivalent to weight, but only when there is little or 
no motion of fluid. As an example, assume a cubical steel tank, 
10 ft on each edge, that is filled with water. From Chapter 1, the 
specific weight of water is known to be 62.4 lb/ft?. 


Volume of tank = 10 ft x 10 ft x 10 ft = 1000 ft? 
Total weight of water = 1000 x 62.4 = 62,400 Ib 
The total weight of water must be supported by the bottom 


of the tank. This would be 62,400 lb, which must also be the total 
pressure of the water on the tank bottom. 
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This fact would be useful in design of the tank or of a structure 
designed to hold the tank. It is not used as often as unit pressure 
which has application in pipe flow, pumps, and more complex 
pressure computations. 


UNIT PRESSURE 


Since the total pressure exerted by the water in the previous ex- 
ample is pressing down on a bottom area of tank which is 10 ft 
wide and 10 ft long, or 100 ft? in area, it is clear that the pressure 
on any one ft of area is: 


62,400 
100 


= 624 |b 


The tank may be thought of as containing 100 columns of 
water 1 foot square and 10 feet high, each weighing 624 pounds. 
Unit pressure is really total pressure exerted on a unit area, such 
as pounds per square foot. Expressing this in the form of an 
equation: 


p = wh 


where h = depth of water above the point, ft 
w = weight of a ft? of water, lb/ft* 
p = unit pressure, lb/ft? 


ll 


In the previous example, in answer to the question, “what is 
the unit pressure at the bottom of the tank?’’, the most direct 
solution would be: 

p = wh 
p = 62.4 lb/ft? x 10 ft 
p = 624 lb/ft? 


It must be noted that units are extremely important here. In 
this example, the entire problem was carried out in terms of feet. 
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Unit pressures are more often used as pounds per square inch 
(psi). If each square foot of the tank bottom is subdivided into 
(12 x 12) 144 columns of water 1 sq in in cross section and 10 ft 
high, then the 624 pounds on each square foot would have to be 
divided by 144 to find the weight on each square inch. 


624 ; 
Pin 4.33 psi 


From this it can be noted that a problem which gives values 
in psi must have these values converted to pounds per square foot 
by multiplying by 144 before applying the formula p = wh. 


Example 2-1 


A gauge on the side of a tank indicated a pressure of 38.4 psi. 
How high was the water level inside the tank? The pressure ad- 
jacent to the gauge was: 


p = 38.4 x 144 = 5530 lb/ft? 


From p = wh 
h = “ = —— = 89 ft above the gauge 


The utility of the above equation is thus demonstrated where 
pressure problems are involved, but units must be carefully ob- 
served. Actually, many gauges are calibrated directly in feet of 
water and in psi at the same time. The direct conversion from psi 
to feet of water head will be demonstrated later in this chapter. 


Example 2-2 


A well must be studied for drawdown characteristics. Copper tub- 
ing is inserted into the casing to the well bottom and fitted at the 
surface with a gauge and valve connection for introducing com- 
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pressed air. When the submersible pump is turned off, the max- 
imum reading which can be developed by applying air pressure is 
52 psi. When the submersible pump is discharging 500 gpm, the 
maximum air pressure which can be developed is 29.5 psi. What 
is the drawdown h at that time? 


VW 
ground water 


ipe to 
distribution 


AAs 


ground water <h 

at 500 gpm» 
2 submersible pump 
| <well casing 


p, at zero flow = 52 x 144 lb/ft? 
p2 at 500 gpm = 29.5 x 144 lb/ft? 


h = h, — h, 


Since p = wh and h, = p,/w, while h, = p,/w, then: 


Ta Sok 


Ww 


= A 


h = 52 ft 


Remember p, and p, are the pressures at the bottom of the air 
line. 
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PASCAL’S PRINCIPLE 


Reflection on the first problem above shows a slightly different 
twist to the idea of weight causing pressure. A gauge connection 
was drilled into the side of a tank. Since the hole was at right 
angles to the water column adjacent to it, certainly the water did 
not rest on the hole. Pascal’s principle states that at a point at 
rest in a fluid the pressures in all directions are equal. 

Therefore, if a glass tube had been inserted into the gauge 
hole and bent up along the side of the tank, the water pressure 
at the hole would have caused the water to rise in the tube until 
the water level in the tube was exactly equal to that within the 
tank. 

Such tubes or sight gauges are frequently used where tank 
height is small. In Example 2-1 a gauge was used because an 
89-ft glass tube would be too hard to install and difficult to read. 

Pascal’s principle has other applications, too. If the pressure 
is the same in all directions, then it must act upward as well as 
downward. 


Example 2-3 


A pipe below a basement floor breaks, releasing water. The water 
flows upward around the basement walls and away at the ground 
surface 12 ft above. What unit pressure is acting to buckle the 
basement floor? 


aot, & 


p = wh = 62.4 x 12 = 748.8 lb/ft? 
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This same kind of pressure acts to float tanks submerged in 
groundwater and is the reason for the pressure relief valves fre- 
quently seen in such tanks. 


CONVERSION OF UNIT 
TO TOTAL PRESSURE 


The application of the unit pressure equation often comes through 
the conversion of such values into total pressure. The direct ap- 
proach is merely to state that total pressure or force (F) is unit 
pressure multiplied by the area over which it acts, or in equation 
form: 


F= pA 


where F = total pressure or force 
p = unit pressure 
A = area in appropriate units 


Example 2-4 
A standpipe has a hole for a gauge connection, with an area of 


0.6 in?. What force would act to blow a cork out of that hole if 
the gauge showed 89 ft of water in the tank? 


F = pA = 38.5 X 0.6 = 23.1 Ib on the cork 


It seems obvious that if one has a gauge reading in feet or 
psi, the problem in this example could be solved in the easiest 
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fashion if the 38.5 psi reading were used rather than the 89 feet. 
In other words, if total pressure or. force on an area given in 
square inches is desired, a reading of unit pressure in psi gives 
the easiest answer. Where total pressure or force is required on 
an area given in square feet, then probably the pressure in Ib/ft2 
is the easiest unit to use. 

The pressure or force acting to blow a cap or blind flange off 
a pipe would be computed using the same techniques as illustrated 
for the cork above. First, the average unit pressure would be 
obtained at the pipe center expressed in pound per square foot 
from p = wh and then the product F = pA is obtained. The 
student must be sure that the maximum area over which this 
pressure can act is utilized. For example, in the case of the blind 
flange, the maximum area is determined by d;, the inside diam- 
eter of the gasket (see sketch) and not d,, the pipe diameter. 


Blind Flange Pipe Cap 


In the case of the pipe cap, the pressure again is a product of 
p and A, where A again is a function of d; which may be much 
larger than d,, the inside diameter of the pipe. 


VARIABLE PRESSURES 


Pressure is constant over the area in question only when the head 
to all portions of the area is the same. This would be true on the 
bottom of a tank where h, = h, = hy. 
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hy Spx iis Go 


liquid is water 


This would not be true if the question asked were, “‘what 
force is trying to push out the side of the box illustrated?” Look- 
ing at a cross section of one side: 


Pressures =awel 
but h =O 
sa p = 0 
pressure = wh 
where h = 10 ft 
so p = 624 lbs/ft© 


The average unit pressure on the tank side is (0 + 624)/2 = 
312 |b/ft?. Using the average unit pressure, the total force is: 


F = APayg 


F = 10 x 10 X 312 = 31,200 Ib 


An average force can be computed for any area which is 
square, circular, or rectangular, without regard to the angle such 
surface makes with the water surface. Such a force must be thought 


of as acting normal (or perpendicular) to the surface area in 
question. 
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SURFACES OTHER THAN SQUARE, 
CIRCULAR, OR RECTANGULAR 


A nonsymmetric surface must be handled by complex mathemat- 
ics unless it is horizontal so that h is constant for all points on the 
surface, or unless the pressure head is great in comparison to the 
area of the surface. 


PRESSURE AT THE SAME DEPTH IN 
A CONTINUOUS FLUID IS THE SAME 


Pressure is usually desired at the center of a pipe or at a point of 
connection to a tank. However, it must be stressed that a gauge 
reads pressure at the center of the gauge. If a gauge must be 
placed above the pipe some distance for some reason, such as 
convenience in reading, then a correction must be made to the 
gauge reading so as to reveal the correct value at the centerline 
of the pipe or connection to the tank. 

For example, assume a pipe lies below a grating in a dry well. 
A gauge connection must be carried under a pipe and up the wall 
to be read easily. What is the true pressure in the pipe? First, a 
careful job of measuring from center of pipe to center of gauge 
is done. Let this be 10 ft. Suppose p = 10 psi at the gauge. 


gauge - 


pipe > 


The pressure at the gauge center is 10 psi. This is equivalent 
to 23.1 ft of water, and a hole drilled into the pipe with a glass 
tube inserted would show water rising 23.1 ft above the gauge 
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center. This would be 33.1 ft above the pipe center since the pipe 
is 10 ft below the gauge. 

The rule is that gauges placed above the connection point 
have a correction in feet added to the gauge reading. Gauges 
placed below the connection point have the correction subtracted 
from the gauge reading. The magnitude of the correction is a 
value in feet measured vertically from the point in question to the 
gauge center. Obviously, such connections can be full of bends 
and these will not affect the result as long as a bleed off point is 
provided at the gauge to make sure no air is trapped in the gauge 
connection. 

By this time, the reader must realize that water pressure can 
be expressed in feet, psi, or pounds per ft?. All these values mean 
the same thing and can be converted from one to another. Imag- 
ine one cubic foot of water. This imaginary cube would be one 
foot high and would be resting on one square foot or 144 square 
inches. Since one cubic foot of water weighs 62.4 Ib, the pressure 
from the one foot of head would be 62.4 lb/ft? or 62.4/144 = 
0.433 lb/in?. Therefore, to convert feet of water head to psi, mul- 
tiply the feet of water by 0.433. Conversely, to convert psi to feet 
of head, multiply the psi by 2.31 (1/0.433 = 2.31). 


Example 2-5 


—\_ gauge B 
= _~ bleed off 


pipe A 


Pipe A has a pressure of 5 psig at its center. What will gauge B 
read? 


2.31 ft = 1 psi 


Pressure 25 


pg + corr = p (at pipe) 


pg +1.0=5 


pg = 4 psi 


ATMOSPHERIC PRESSURE 


The atmosphere is composed of gases, which have weight and, 
therefore, exert pressure just as was illustrated above in the case 
of water. In fact, man walks around on the earth’s surface sub- 
merged in a sea of air about 200 miles in depth. Atmospheric 
pressures are usually referenced to a standard zero datum, which 
is sea level. Under this zero datum condition at sea level, the 
atmosphere exerts an approximate pressure of 2116 lb/ft? or about 
14.7 psi. Standard atmospheric pressure happens to be equalized 
by a column of mercury 30 in high since the specific gravity of 
mercury (Hg) is 13.6. This same standard pressure is also equal- 
ized by 34 ft of water. 

Atmospheric pressure readings that are reported by local 
weather stations are usually expressed in inches of mercury. An 
increase in elevation above sea level decreases the local atmo- 
spheric pressure, since the height of atmospheric air above the 
ground surface is decreased. Table 2—1 illustrates the variation in 
atmospheric pressure with increasing elevation above sea level. 


ABSOLUTE PRESSURE AND 
GAUGE PRESSURE 


Pressure readings can be reported either as absolute pressure or 
as gauge pressure. The common notation for these pressures is 
the addition of an ‘‘a” after the pressure units for absolute pres- 
sure (i.e., psia) and the addition of a “‘g” for gauge pressure (i.e., 
psig). Absolute pressure refers to pressures above a datum of ab- 
solute zero, and is always a positive value. Gauge pressure is the 
pressure read directly from pressure gauges. Values can be pos- 
itive or negative, or, in other words, above or below atmospheric 
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Table 2-1 Variation of Absolute Pressure with Altitude 


Absolute 
Altitude ae? 
(ft) (in Hg) psi Feet of Water 
0 30.0 14.7 34.0 
200 29.8 14.6 33.8 
400 29.6 14.5 Bae 
600 29.4 14.4 33.3 
800 29.2 14.3 33.0 
1,000 28.9 14.2 32.8 
1,500 28.3 14.0 32.4 
2,000 27.8 USS Shai 
2,500 PM fe 13-5 3122 
3,000 26.8 1322 30.5 
4,000 25.8 ia 29.4 
5,000 24.8 12.2 28.2 
6,000 2255 11.8 2S 
8,000 212 11.0 25.4 
10,000 20.9 10.3 23.8 


pressure. Under these pressure considerations then, standard at- 
mospheric pressure at sea level is equal to 14.7 psia and 0 psig. 
The value of gauge readings is obvious. The effect of atmo- 
spheric pressure is canceled out since, whatever the atmospheric 
pressure may be, the gauge reading is merely a value above or 
below the datum established by the existing atmospheric pressure. 
The student must be cautioned about negative pressure val- 
ues. Hydraulic computations might produce a negative value of 
any magnitude, but since the atmospheric pressure is a maximum 
of 34 feet of water at sea level, negative values greater than this 
are impossible. The vapor pressure of water produces an actual 
value somewhat less than 34 feet, but for all practical purposes, 
vapor pressure can be neglected in most hydraulic computations. 
In this text, then, further references to pressure will be in 
terms of gauge pressure in psi or feet of water. Such a procedure 
eliminates the variable of atmospheric pressure which can change 
with weather or altitude. 
A legitimate negative gauge pressure means that an actual 
vacuum of some magnitude exists at that point. Obviously, if a 
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fluid such as air or water could rush in and adjust the pressure in 
that space to the existing atmospheric, pressure, it would do so. 


Negative pressures are frequently developed in suction lines 


of pumps, at the throat of diverging sections in pipe lines, and at 
the summit of siphons. The student merely handles such a situa- 
tion by use of a negative sign which indicates that a vacuum mea- 
sured below the atmospheric datum exists at the point in question. 


PROBLEMS 


2-1. 


2-2. 


2-3. 


2-4. 


A vertical gate in the face of a dam is 4 ft wide and 6 ft 
high and hinged at its upper edge. The gate is kept closed 
by the pressure of water standing 8 ft deep over its top 
edge. What total force acts to keep the gate closed? 


Answer: 16,473.6 Ib 


If a 12-inch flanged pipe is closed at the end by a blind 
flange, what total stress will be carried by the bolts when 
the head on the pipe center is 240 ft? Assume the gasket 
has a 12-inch inside diameter. 


Answer: 11,756.2 Ib 


A rectangular caisson is to be sunk to form the foundation 
for a bridge pier. It is in the form of an open-top box, 50 
ft x 20 ft and 23 ft deep. If it weighs 75 tons, how deep 
will it sink when launched? If the water is 20 ft deep, what 
additional load will sink it to the bottom? 


Answer: 2.4 ft, 549 tons 


A steel drum which weighed 60 Ib was placed on a scale 
and was nearly filled with water. A total load on the scales 
of 320.25 lb was read. How many pounds of water were 
actually in the drum? (It was discovered that a 3-inch steel 
shaft suspended from the ceiling above had its lower end 
immersed in the water to a depth of 1 foot at the time of 
weighing. ) 


Answer: 257.19 Ib 
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2-5. 


A piece of yellow pine lumber weighs 40 lb per ft? and 
measures 6 in X 12 in X 20 ft. What maximum load will 
it carry if just brought to the verge of sinking in freshwater? 


Answer: 224 Ib 


3 


Fundamentals of 
Flow | 


Several different types of flow may occur in pipes and other con- 
duits; the type of flow depends mainly on the speed or velocity 
at which the water moves and on the shape and roughness of the 
conduit. Therefore, it is common practice to classify flow accord- 
ing to the type of conduit and according to the speed of flow. 

If the conduit is closed except at its ends and is completely 
filled with the flowing water, the flow is called pipe flow (for 
example, flow in a water main or a fire hose). If the conduit is 
not closed, or is closed but not filled by the flowing water, the 
flow is called open flow or open-channel flow (for example, flow 
in an open wastewater trough, flow through a settling basin, and 
flow such as normally occurs in sewers). 

Further classification is made according to two ranges of speed 
or velocity of water flow, either of which may occur in both open- 
channel flow and pipe flow; namely, laminar flow and turbulent 
flow. When the velocity or speed of motion of the water is very 
low, the individual water particles move along straight paths or 
lines of flow in a conduit, and the flow is said to be laminar. For 
laminar flow in straight conduits, the flow lines are all straight 
and parallel to each other and to the walls of the conduit. In 
curved conduits and when passing obstacles in the path of the 
flow, the flow lines also remain orderly and do not cross each 
other. An example of the behavior of flow lines for laminar flow 
is given in Figure 3-1. When the speed of motion becomes great 
enough, the individual water particles follow winding, irregular 
paths, and the flow is termed turbulent. An example of the be- 
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—_—_——P _—_— — > 
f es ——— __ : 
Figure 3-1. 


havior of lines of flow under turbulent conditions is shown in 
Figure 3-2. 


2 Oe Ce ae 
oe SOP) 24> 
Koger abe ey 


Figure 3-2. 


Laminar flow occurs frequently in the passage of water through 
soils, sands, gravels, or porous solids such as in sand filtration. 
However, most flows in pipes and other hydraulic structures used 
in the operations of water and wastewater collection, treatment, 
and distribution or disposal are generally turbulent. 


CONTINUITY EQUATION 


For a fixed rate of flow (constant volume of water per unit of 
time) in a conduit, the velocity of flow (distance traveled per unit 
time) will depend on the size of the conduit. For a given flow in 
a pipeline which is made up of sections of different diameter, the 
velocity will be greater in the sections of small diameter than in 
the sections of large diameter. This can be stated in equation form 
as: 


Flow (Q) = Cross Sectional Area (A) x Velocity (V) 


Q=AV (3.1) 
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Equation 3.1 is called the equation of continuity because it is 
a statement of the fact that the quantity in cubic feet per second 
is equal to the products of the velocity in feet per second and the 
cross sectional area of liquid flowing in square feet. If no water 
enters or leaves the pipe(s), the quantity of water flowing from 
point to point is the same, and Q at point 1 must equal Q at 
point 2. 


Q, =Q, 


Since Q,; = A,V, and Q, = A,V2, A; V; = A,V>. This equa- 
tion is used whenever there are varying sizes of conduit. 

An illustration of a pipe with different diameters (therefore 
different cross sectional areas) is given in Figure 3-3. The flow, 
Q,, into the pipe must be the same as the flow, Q;, out of the 
pipe. 

Therefore, if the cross sectional area (A,) of the smaller of 
the two pipes in Figure 3—3 is one square foot and that of the 
larger pipe (A,) is two square feet, and if the flow, Q,, is equal 
to 2 cfs, then the velocity (V,) in the smaller section is V; = Q,/ 
A, = 2 cfs/ft? = 2 ft/sec and the velocity (V,) in the large section 
iseVer= O>/Agviee2ects/2 fiz2—el ot/sece!Thus; thes smallercthe 
diameter of the pipe, the greater the velocity must be to maintain 
a constant flow. 


Figure 3-3. 


HEAD 


Water flows because there is energy or a driving force to make it 
flow. This driving force is called the head on the water. There 
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are three forms of head: pressure, elevation, and velocity head. 
All three forms of head or energy must be considered each time 
a problem in flow is considered. For convenience in handling the 
mathematical computations, all forms of head are expressed in 
terms of feet of water. (Pressure head has been discussed in Chap- 
ter’23) 

In a problem involving pressure head in pipe flow, pressure 
head is always synonymous with the height to which water would 
rise in a glass tube inserted in the pipe at right angles to the 
flowing water, and is equal to p/w = h where p is unit pressure 
in lb/ft? and w is the weight of the water in |b/ft’. 

Elevation head is the driving force or energy resulting from 
the elevation of the water with respect to some reference level or 
datum. The higher the elevation, the greater the elevation head 
will be. For example, a brick dropped from a third floor window 
of a building will hit the sidewalk (which is the datum in this 
example) with a greater force than will the same brick dropped 
from the first floor window. If the brick is lying on the sidewalk, 
its elevation head is zero. If the sill of the third floor window is 
25 ft above the sidewalk, a brick lying on the sill has an elevation 
head of 25 ft. It is common practice to measure all heights from 
a datum or reference level below the lowest point of a pipe or 
other hydraulic structure. Thus, all vertical distances can be mea- 
sured upward from the datum, avoiding the use of plus and minus 
signs to indicate the direction of measurement. 

Velocity head is a result of the motion of the water. The 
greater the velocity, the greater the velocity head or driving force 
resulting from the motion. A car traveling at 50 mph cannot be 
stopped as easily as a car traveling at 10 mph because the driving 
force of velocity head is much greater. The velocity head of flow- 
ing water is calculated by multiplying the velocity by itself, V2, 
and dividing by two times the acceleration due to gravity, g. Thus, 
the velocity head is equal to: 


Ve (tusec)=" Vv" 
2g (ft/sec?) 64.4 


(ft) 


The total head or energy causing flow in a hydraulic system 
is the sum of the pressure, elevation, and velocity head. Each of 
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these quantities may vary up or down from point to point in a 
system, but the sum of the three sources of energy must always 
be related. 

If flow is taking place from one point to another, there must 
be an expenditure of energy to create that flow. This means that 
a decrease in energy must take place along the line of flow of a 
fluid which is exactly equal to the work done in moving the fluid 
from point to point. The more fluid is moved, the more the energy 
must be expended (assuming the same efficiency in moving the 
fluid prevails). 

Conversely, if the sum of energy from point to point indicates 
an equality, obviously the flow is zero. 

If a computation indicates an increase in energy from point 
one to point two, the student may be sure that a mistake had 
been made in his assumptions or computations or that a pump 
lies between points one and two which is inserting energy into the 
system. 


Example 3-1 


A flow, Q, of 2000 gpm takes place in a pipe with an inside 
diameter, d, of 12 in. What is the velocity, V, of flow in the pipe? 


Solution: 


From Equation 3.1, Q = AV 


1 ft? = 7.48 gal 
00 
Q = 2000 gpm = ~~ = 267 ft?/min 


d = 12in = 1 ft 


ad? (1) : 
=—= ae (F785. ft* 
a 4 4 
Q_ 267 cfm 


Vo= = 340 ft/min 


A 0.785 ft2 
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340 


Vo 60 =) tSec 


What is the velocity head for the flow given in Example 3- 


LY 
Solution: 
V = 5.7 ft/sec 
, Ve C322) 
velocity head = 64.4 “sete 0.5 ft 
Example 3-2 


20 psi 
O 


12 in pipe 


With conditions prevailing as indicated, what would be the total 
energy or head at point 1? (From Example 3-1, V = 5.7 ft/sec 
and V2/2g = 0.5 ft/sec.) 


V2 
Hie tee 
w 2g 
20 x 144 
Hy = oe 0200 .0> 
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What is the total energy at point 2, and how much energy is 
expended in moving 2000 gpm from point 1 to point 2? 


8 pw “Vz 
Lie Senydldinrg HC? 
_ 10 x 144 


2 Magny aes at aah 8M 


(H, — H,) = 66.65 — 27.58 = 30.07 ft 


Several basic principles are illustrated by the previous ex- 
amples. First, the computation for a velocity head is usually com- 
plicated by the fact that quantity of flow may be in gallons. It 
must always be converted to cubic feet per second. The pipe area 
must always be in square feet. Velocity head then can be con- 
verted from V?/2g to Q?/A22g using Q/A = V. Inserting the proper 
conversion units, 7.48 gal = 1 ft? and 60 sec = 1 min, 

v2 Q242 


Dear UMES. EneR TI4R ad De 


v2 Q2 
2g 7.99 x 108d4 


where Q = gpm 
d = diameter ft 


If Q is expressed as discharge in thousands of gallons, then 


V2 Q?2 
2g  7.99d4 


Example 3-3 


A pump is discharging 2000 gpm through a 12-in pipe. What is 
the velocity head developed? 
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(2)? 
pl ggg eel ye ( Bw i 
2g 7.9944 _7.99(1)4 


Example 3-4 
If the flow is not as much as 1000 gpm, the expression works just 


as well. A pump discharges 200 gpm through a 4-in pipe. What 
is the velocity head developed? 


Wired C7 een Ue 
2g 7.99d4 ays 
7.99( 4) 
2 
he mea = 0.407 ft 


2g (7.99)(0.0123) 


The second fact in this general discussion of energy which 
should be noted is that the magnitude of the velocity head is 
relatively small in contrast to the other factors making up the 
total head. 

Velocities in pipelines or sewers rarely exceed 10 fps, and 
most of the time velocities are 2-5 fps. This makes the velocity 
head a small part of the total energy in most cases. 


v2 
V = 2 ft/sec =U anit 
2g 
V2 
V = "> tusec = 0.388 ft 
2g 
V2 
V = 10 ft/sec = ].55it 


2g 


On this basis, a velocity head is frequently neglected when it 
becomes a small part of the total head (say, one or two percent 
of the total). 
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A further point to note is that for a pipe which maintains the 
same size, since Q = AV, obviously-the velocity is the same from 
point to point and thus the velocity head is the same. All this 
depends on the fact that no flow is taken out of the system be- 
tween the points and that the flow is not varied. 

Frequently, then, velocity heads can be neglected without any 
error, purely because they are the same from point to point and 
can be canceled out of any equation. 

Finally, when thinking of a pipe obtaining water from any 
source, the usual situation would be to have the pipe fairly level 
(as in a water distribution system in fairly level ground). In this 
case, elevation differences become small also. In the last analysis, 
therefore, while the student always watches the three forms of 
head, the most important factors in pipe flow are generally pres- 
sure head, p/w,, and head loss which will be discussed later. 

All of these remarks apply strictly to pipe flow, of course. 
Flow in open channels is a special case where p/w forces are zero. 
This type of problem is taken up in Chapter 8. 


PROBLEMS 


3-1. A 24-in diameter pipeline carries water at a velocity of 12 
ft/sec. At a section of the same line, the diameter is 3 ft. 
What is the velocity at this cross section? 


Answer: V = 5.3 fps 


3-2. The velocity of flow in a pipe with a diameter of 1 ft is 100 
ft/min. The flow discharges through a nozzle, 3-in in di- 
ameter, attached to the end of the pipe. What is the ve- 
locity of flow at the tip of the 3-in nozzle in ft/sec? 


Answer: 26.7 fps 
3-3. A flow of 1 mgd occurs in an 8-in pipeline. What is the 
flow velocity? 


Answer: 4.44 fps 
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3-4. 


3-5. 


3-6. 


3-7. 


3-8. 


For a flow of 70.7 cfs and a velocity of 10 fps in a pipe, 
compute the inside diameter. 


Answer: 3 feet 


A flow of 1000 gpm passes through a 12-in diameter pipe 
which later reduces to 6 in in diameter. Calculate the ve- 
locities in the two sections of pipe. 


Answer: V1 = 2.8 fps 
V5 = 11.2 fps 


Water flows under pressure in a 4-in diameter pipe at a 
velocity of 10 ft/sec. If the pressure in the pipe at a point 
5 feet above a reference elevation or datum is 500 lb/ft?, 
what is the total head at that point? 


Answer: 14.6 ft 


The total head in a 6-in diameter pipe at a point 13.5 ft 
above a datum is 19.3 ft. If the pressure at that point 
is 312 lb/ft?, what is the velocity of flow? What is the 
flowrate? 


Answer: WV = 7.18 fps 
Q = 1.41 cfs 


What is the velocity in a 6-in diameter pipe connected to 
a 1-ft diameter pipe if the flow in the larger of the two 
pipes is 1.42 cfs? 


Answer: 7.24 ft/sec 


4 
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THE BERNOULLI EQUATION 


Various hydraulic problems can be solved by comparing total 
energy or head between different points in a system. As noted in 
the last chapter, energy is required to move water from one point 
to another. An equality can be arranged which results in one of 
the most vital equations in hydraulics (Equation 4.1). Together 
with the equation of continuity, Q = AV, many hydraulic prob- 
lems can be solved. The equality referred to is Bernoulli’s equa- 
tion and it consists entirely of a total energy (or head) relationship 
between successive points in a continuous steady state system. 
The term steady state means that flow conditions are constant. 


(Energy), = (Energy), + (Energy loss) 1 2) (4.1) 


This can be written in other ways also. For example, it might be 
stated: 


(Total head), = (Total head), + (Head loss), ,, 2) 


It is most frequently stated by using the nomenclature developed 
in previous chapters: 


By sept 


+ Z, = 
Wee ecu ; 


ach Ay 


V3 Pe 
+r 2g ay Zy ~ (Hy) 1-2) (4.2) 
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where Z, = elevation above datum at 1 
Z, = elevation above datum at 2 
H, = head loss from 1 to 2 


All other values have been defined in previous chapters. 

It must be reemphasized that all the above terms must be in 
feet of head. They can then be added or subtracted as necessary 
to solve for the term in the equation which is of interest to the 
student. 

The term (H,), called head loss, is also, of course, measured 
in feet when Bernoulli’s equation is used. Many items contribute 
to the head loss. In this lesson, all such items will be considered 
as being lumped together forming one figure of loss. Subsequent 
chapters will break the head loss into its component parts. 

Two areas of head loss must be considered. The two areas 
are (1) losses due to the flow through a pipe or channel and 
(2) losses due to all other causes, such as bends, enlargements, 
obstructions, etc. These will be developed in later chapters. 

As can be noted, the head loss is really energy loss due to 
friction. The first category above is normal friction induced by 
the fluid rubbing against the conduit. The second category in- 
volves loss because internal friction is increased between the water 
particles themselves. The bend, enlargement, or obstruction, etc., 
causes additional turbulence to that normally existing, and this 
results in added internal friction. 


USE OF BERNOULLI’S EQUATION 


In application, Bernoulli’s equation is essentially simple. The stu- 
dent is cautioned to write each term whether or not it is zero since 
mistakes are made because terms are omitted. Then each term 
should be inserted into the equation either as a known quantity 
or as zero. Solution of the unknown factors is usually made in 
combination with the equation of continuity, Q = AV. 

There are two factors which require attention. The choice of 
points 1 and 2, and the choice of a location for the datum plane. 
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Proper selection of these two items greatly assists in solving com- 
plex problems. 

A further point must be Bmpbastied With one equation a 
student can solve for one unknown factor. Even with Q = AV 
and Bernoulli’s equation only two unknown factors can be solved 
for. This should not stop one from trying to solve the problem 
when there are several unknown values. Frequently, choices of 
points or datum planes can cause factors to cancel out of the 
equation. A velocity head may be assumed small and neglected, 
if it would permit an approximate solution for an answer. 


Example 4-1 


A pipeline gradually enlarges from 24 in in diameter at point 1 
to 36 in in diameter at point 2. The velocity at 1 is 5 ft/sec and 
the average pressure at that same point is 50 psi. If all losses are 
lumped together and found to be 2 ft, what will the pressure be 
at point 2 if the pipe slopes 15 ft downward from 1 to 2? 

First, assign points and place datum at point 2. Then write 
Bernoulli’s equation from | to 2. 


v2 V5 
of etek Sy aed b= By aN 
w 2g w 2g 


Examine each item in the equation: 
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Pi = 50 psi 


V, = 5 ft/sec 


Z, = 0 


(Hy) a-2) = 2 ft 


There are still two unknown factors, namely p,/w and V3/2g. How- 
ever, A, V, = A.V, will give the value for V, and the solution for 
p2/w would be straightforward from that point on. Substitution 
into the continuity and Bernoulli equations gives: 


24\7 
Arye 2) AVo and Vee (2) x 5 = 2.22 fps 
50x 144-25 p, 4.93 
OO Sige aia Seen 
62.4 TW getlgaee F hipcsay 
Po _ 198.4 ft 
WwW 


Po = 128.4 ft x 62.4 lb/ft? 
p> = 8025 Ib/ft? 


ia 
» = 8025 lb/ft? x —— 
Parte’ TS 144 int 
P2 = 55.7 psi 


It must be noted by the student that a methodical approach 
to the solution of the problem usually provides the framework for 


a logical answer. The following problem illustrates a different 
unknown. 
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Example 4-2 


42.5 psi 


A 12-in pipe discharges water at the rate of 5.5 cfs. At point 1 
on the pipe, the pressure is 40 psi, while at point 2 where the pipe 
is 8 ft lower the pressure is 42.5 psi. Compute the head loss from 
ito2; 

In the same fashion as Example 4—1, the facts are arranged. 


2 V3 
Ee ee ae 
pi = 40 psi 
Z, = 8 ft 
P2 = 42.5 psi 
Zp = 0 


Consideration of the known factors shows that 3 are unknown, 
but that since the pipe diameter, d, is known and Q is given as 
5.5 ft3/sec, V, and V, could be found from Q = AV. There is no 
need to do this, however, since the pipe size is constant, thus 
Vi/2g is equal to V3/2g and they cancel out of the initial equation. 
Therefore: 


40 x 144 gig 42.5 x 144 


+0 + 
Ie 62.4 Bee 
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H, =92:34°3— 98.1 
H, = 2.2 ft 


Much of the work which the student can accomplish using 
Bernoulli’s equation comes from prior experience using the equa- 
tion. In other words, the more work the student does with prob- 
lems, the more accomplished he becomes in analysis of more 
complicated problems. 


Example 4—3 


free discharge 


x air 


Assuming reservoir A to be so large that flow at point 2 is steady, 
the velocity at point 1 is zero, and the (H_),;_2) is 6 ft, what would 
the discharge at 2 be? 


6" pipe 


NN 


Puen _ P2 
Ww 2g Ww 


+ Z, + (Ay)a-2) 


No 
ga 


If a datum plane can be passed through points 1 and 2, then the 
following is true: 


Pi _ 10 ft 
WwW 


4 | 


= 0, since free discharge 


+4 
5 


10+ 0+ 0-290 4-24 0 ee 
2g 
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V. = V4 x 64.4 = 16.06 fps 
Q, = 0.196 x 16.06 = 3.14 cfs 


Finally, the student must gain some ability to recognize false an- 
swers when they are produced. 


Example 4-4 


6” diameter 


discharge into 
an free air 


os 


If steady-state conditions out of the reservoir prevail, what pres- 
sure exists at the top of the siphon shown when (H,),;_») is 4 ft 
and (H,),2_3) is 8 ft? 


V2 
++ Z;, + (Hz)2-s) 


Po , V4 = B 
Wit dg oe 2g 
2 
Pr M3. 5 219, S10 4:8 
w 2g 22 


since V3/2g = V3%/2g, they cancel. 
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P2 = 8-51 
WwW 


sages — 43 ft of water 
w 


In this case, the problem is set up correctly, but the answer is 
impossible since the maximum negative theoretical pressure is 
atmospheric pressure, which is 34 ft of water. Therefore, the an- 
swer is unsatisfactory. The answer is that as the negative pressure 
or vacuum builds up at the summit, the liquid will pull away from 
the pipe wall and the pipe will flow less than full. A pocket of 
water vapor will fill the pipe, restricting the cross section of the 
pipe, inducing more and more head loss as well as higher and 
higher velocities. The velocity would probably cause the vapor 
pocket to extend down the pipe finally reaching the end of the 
pipe. As the water breaks free from the pipe wall and air rushes 
in to fill the vacuum, the siphon action would cease. In other 
words, the mathematical answer is unrealistic because the initial 
assumption of steady flow is incorrect. 


PROBLEMS 


Assume negligible head loss for solution of the following problems. 
Head loss calculations will be covered in subsequent chapters. 


4—1. Water flows under pressure between sections A and B in 
a pipeline. The diameter, d,, at section A is 1 ft, and the 
diameter, d,, at section B is 2 ft. Section A is 10 ft above 
the datum and section B is 25 ft above the datum. The 
velocity, V,, at section A is 16.8 fps and at B, V,, is 4.2 
fps. The pressure p,, at section A is 1379 lb/ft?. (a) Compute 
the pressure at section B in pounds per square foot. 
(b) What is the pressure head at section B? (c) What is the 
total head at section A? At B? 


Answer: a. py = 700 psf 
Da. De 


c. 36.5 ft at both sections. 


4-3. 


4-5. 
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A horizontal 6-in diameter pipe carries water at a pressure 
of 60 psi. The pipe reduces to.a horizontal 3-in diameter 
section in which the pressure is 20 psi. What is the flow 
through the two pipes? 


Answer: 3.9 cfs 


A 12-in pipe contains a short section where the diameter 
is reduced to 6 in, and then enlarged again to 12 in. A 
point in the 6-in section is 2 ft below a point in the 12-in 
line at which the pressure is 10,800 psf. If a flow of water 
through the line is 4.25 cfs, what is the pressure head at 
the point in the 6-in line? What is the pressure at that point 
in lb/ft?? 


Answer: Pressure head = 168.3 ft 
Ps = 10,498 psf 


A 20-ft diameter horizontal pipe has a reducing section 
containing a 16-ft diameter pipe. The pressure in the 20-ft 
diameter pipe is 120 psi, and the velocity there is 50 fps. 
What are the values for the pressure and velocity in the 
16-ft diameter pipe? 


Answer: Vi. = 78.1 fps 
Pics = 95.7 psi 


Calculate the velocity, V,, in a 3-in diameter fire hose dis- 
charging 0.70 cfs. If the flow discharges through a 1.25-in 
diameter nozzle, calculate the pressure intensity, p,, in the 
3-in hose just upstream from the nozzle, and calculate the 
velocity, V2, of discharge from the nozzle. (Note: p, = 0, 
since free discharge.) 


Answer: V, = 14.3 fps 
Pi 44.2 psi 
V, = 82.3 fps 


~ SEEN 


OR Tek F eos ; oF 


VS 3 
oT 7 v4 - 
> 
Sashes aac ‘ 
Te = ie 
o> 
| _ 4 dl ‘ 
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Pipe Flow with 
Friction Loss 


As noted in Chapter 3, pipe flow occurs whenever a moving fluid 
completely fills a closed conduit of any shape. The principles of 
pipe flow are applicable generally to the hydraulics of such struc- 
tures as pressurized pipe systems, submerged inlets to basins, si- 
phons, and various other types of pipelines. 

Because pipe flow occurs in a closed conduit, the cross sec- 
tional area of the flow is fixed by the cross section of the conduit 
and, of course, the water surface is not open to the atmosphere. 
Thus, for this flow condition, the pressure in the conduit may be 
equal to, greater than, or less than atmospheric pressure. For pipe 
flow, the cross sectional area of the flow as well as the hydraulic 
radius remains constant for any particular cross section of the 
conduit. For the common case in which the total discharge or 
flow of water is constant, the velocity by any cross section is 
likewise constant. If the flow should vary, the velocity would be 
directly proportional to the discharge or flowrate. 

In the great majority of cases encountered in the water and 
wastewater field, pipe flow occurs at large enough velocities to 
make the flow turbulent. 


FRICTION LOSS 
For the ideal case, water flowing in a pipe would encounter no 
resistance other than that due to pressure differences. In practical 


application, however, turbulence exists at the boundary between 
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the sides of the conduit and the flowing water (see Figure 3-2), 
resulting in a certain loss of energy or head. This loss of head is 
due to the friction created between the fluid and the wall of the 
conduit, and is appropriately termed the friction loss. As noted 
in Chapter 4, the friction loss, H,, must be added to the Bernoulli 
equation, giving the form shown in Equation 4.2, which is re- 
peated here: 


Vi V3 
STS Wai Foe 


Pi 


HYDRAULIC GRADE LINE 


If a vertical glass tubing were inserted into the side of a pipe, the 
water would rise in the tube due to the water pressure in the pipe. 
The water would rise to an elevation equivalent to the pressure, 
in feet. This value is represented in the Bernoulli equation by 
p/w. If several glass tubes were inserted in the pipe, and a line 
were drawn connecting the points to which the water rises, this 
line would represent the hydraulic grade line. For pipe flow in a 
level straight conduit of constant cross section and uniform wall 
roughness, the rate of loss of head due to friction is constant, and 
the hydraulic grade line in the direction of flow along the conduit 
has a slope equal to the friction head loss per foot of conduit. 
Thus, the hydraulic grade line is actually a plot of the term p/w 
above the centerline of the pipe or, more commonly, is a plot of 
(p/w + Z) above the datum along the pipe. 

The energy grade line, on the other hand, is a line joining a 
series of points representing the total energy along the length of 
the pipe. Thus, the energy grade line consists of a plot of p/w + 
Z + V?/2g above the datum along the pipe. By definition, then, 
the energy grade line is always higher than the hydraulic grade 
line by a vertical distance of V?/2g at each point. 

An example of hydraulic and energy grade lines is given in 
Figure 5—1 for a pipeline flowing under pressure. 

It may be seen in Figure 5—1 that the hydraulic and energy 
grade lines at point 2 on the pipe are lower than the corresponding 
grade lines at point 1. The difference in the grade line at points 
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1 and 2 represents the losses which occur between these two points. 
As has been noted, the friction developed against the walls of the 
conduit and within the water itself results in losses of head which 
are related to the length of the pipe, its size, its condition 
(smoothness or roughness), and the velocity of flow. In Figure 5— 
1, the head loss between points 1 and 2—difference in the heights 
of the grade lines—has been consumed in producing the flow. In 
other words, pressure is reduced in order to cause flow. 

As mentioned in Chapter 4, in most problems in fluid flow, 
friction losses may be divided into two categories (1) friction losses 
in lengths of pipe and (2) friction losses in bends, valves, obstruc- 
tions, changes in section, etc. It is common practice to refer to 
the friction losses in pipes as major losses, and those in bends, 
valves, etc., as minor losses. In this chapter, pipe losses, or major 
losses, will be considered, while minor losses will be discussed in 
Chapter 7. With all of these terms considered, the Bernoulli equa- 
tion can be written: 


Vi 
2g 


P2 V3 
a +Z, = c a 22 cb Zp etl yep te Pleinontt a (0-1) 


Figure 5-1. Hydraulic and energy grade lines. 
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CALCULATION OF HEAD LOSS 
DUE TO FRICTION 


Head loss in a pipe can most accurately be calculated using the 
pipe-friction equation (sometimes called the Darcey-Weisbach 
equation). 


(5.2) 


where H, = total head loss along pipe of length L, ft 
f = friction factor; relates to the degree of 

roughness of the pipe (obtained using a 

Moody diagram) 

length of pipe, ft 

= diameter, ft 

= velocity, ft/sec 

= gravitational constant, ft/sec? 


0 <— ae 
| 


This equation requires the use of a Moody diagram (which 
can be found in most hydraulic handbooks) for determination of 
the friction factor (f). A more commonly used equation is the 
Hazen-Williams equation: 


V = 1.318 CR®8S°>* (5.3) 


where V = velocity, ft/sec 
C = roughness coefficient (C factor) 
R = hydraulic radius, ft 
S = feet of head loss per foot of length 
(slope of the energy grade line) 


The roughness coefficient C is commonly referred to as the C 
factor. Some common C factors are given in Table 5-1. 

It will be recalled (from equation of continuity, Equation 3.1), 
that the total flow in a pipe is equal to the velocity times the cross 
sectional area, or Q = AV. Therefore, if Q is substituted for V 
in Equation 5.3, the Hazen-Williams formula becomes: 


Q = 1.318 ACR®-8g0.54 (5.4) 
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Table 5-1 Approximate Values for Hazen-Williams 
Roughness Coefficient ‘for Various Types 


of Pipes 

Pipe Description C Factor 
Asbestos cement 140 
Brass or lead, new 140 
Ductile iron, cement lined 140 
Cast iron, uncoated 

10 years old 110 

15 years old 100 

20 years old 90 

30 years old 80 
Concrete 

Very smooth, excellent joints 140 

Smooth, good joints 120 

Rough 110 
Corrugated 60 
Steel, welded, new 130 
Vitrified 110 
Wrought iron or standard galvanized steel 

Diameter 12 and larger 110 

Diameter 4 to 12 100 

Diameter 4 and smaller 80 


As we saw before, for round pipes flowing full the hydraulic 
radius (R) is equal to the inside diameter divided by four (R = 
d/4), and the cross sectional area of the pipe is equal to 7 times 
the square of the diameter divided by four (A = ad?/4). There- 
fore, the inside diameter can be substituted for both the hydraulic 
radius and the area terms in Equation 5.4 to give: 


(Pe 0.432. Code 0e G00" (3:9) 
An alignment chart for solution of the Hazen-Williams equa- 


tion is given in Figure 5—2. This chart makes solution possible for 
head loss problems by the Hazen-Williams equation without cal- 
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Figure 5-2. Hazen-Williams alignment chart. 
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culating the 2.63 and 0.54 powers of d and S, respectively. A 
direct solution is possible if a calculator with a power function is 
available. 


DIRECTIONS FOR USING 
THE HAZEN-WILLIAMS 
ALIGNMENT CHART 


For determining the head loss (Column 6), find the proper dis- 
charge in Column 1 and line this up with the diameter of the pipe 
in Column 2. Extend this line across the pivot line in Column 3, 
read the velocity in Column 4, and mark the point where the 
pivot line was crossed. Line up the point that was marked on the 
pivot line with the proper Hazen-Williams coefficient C, extend 
this line to Column 6, and read the head loss per 1000 feet. Col- 
umns 4, 5, and 6 are always lined up with the crossing point on 
the pivot line. The velocity (Column 4) is always determined from 
the line going through Columns 1 and 2. The following examples 
demonstrate the use of the chart. 


Example 5-1 


A 24-in, 15-year-old, uncoated cast iron pipe carries a total flow 
of 6000 gpm. (a) What is the velocity of flow in the pipe? (b) What 
is the head loss due to friction per 1000 ft of the pipe? (c) What 
is the value of S (head loss per foot)? (d) If the pipe is 10,000 ft 
long, what is the total head loss? 


Solution: 


From Table 15-1, a 15-year-old uncoated cast iron pipe has a 
Hazen-Williams coefficient of C = 100. Now, in Figure 5—2, draw 
a straight line connecting 6000 gpm on the discharge (Q) scale 
(Column 1) and 24 in on the diameter scale (Column 2). 

Extend this line to the velocity scale and read off velocity. 
Mark the point where this line crosses the pivot line (Column 3). 
Now connect this point on the pivot line with the proper value 
on the C scale (Column 5) and extend across to the loss of head 
line (Column 6). Read from the head loss scale the value for head 
loss where the line crosses that scale. 
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a. From Figure 5-2, V = 4.2 fps 

b. From Figure 5—2, head loss/1000 ft = 3.9 ft/1000 ft 

c. S = head loss/ft = 3.9/1000 = 0.0039 ft/ft 

d. If the pipe is 10,000 ft long, the total head loss is 
(Hi coed x 10,000 = 39 ft 

Example 5-2 


A new asbestos cement pipe must be selected to carry a flow of 
5 cubic feet per second (cfs). (a) If the head loss in the pipe due 
to friction is not to exceed 10 ft/1000 ft, what is the smallest 
diameter pipe that can be used? (b) What will be the velocity of 
flow in the pipe? 


Solution: 


From Table 5—1, a new asbestos cement pipe has a C value of 
140. In Figure 5-2, draw a line connecting C = 140 (Column 5) 
and the head loss value of 10 ft/1000 ft (Column 6), and extend 
the line to cross the pivot line (Column 3). Connect that point on 
the pivot line to a value of 5 cfs on the Q scale (Column 1). 


a. From Figure 5-2, d = 12 in 
b. From Figure 5-2, V = 6.5 fps 


Example 5-3 


What is the value of C for an old 10-in pipe which is found to 
carry a flow of 2000 gpm with a head loss of 110 ft/1000 ft? 


Solution: 


Connect 2000 on the Q scale (Column 1) in Figure 5—2 with 10 
in on the d scale (Column 2). Extend to cross pivot line (Column 
3). Connect point on pivot line with 110 on head loss scale (Col- 
umn 6). Read a value of 55 from the point where the line crosses 
the C scale (Column 5). From the velocity scale, we can also 
determine that V = 8.2 fps. 
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CLASSIFICATION OF PROBLEMS 


In any practical problem in hydraulics, one or more of the im- 
portant parameters previously discussed will be known and others 
will have to be determined. In this connection, a classification of 
types of problems appears appropriate at this time. 

Whenever any two of the three related parameters, A, d, or 
V are known, and assuming a value for C, the third can readily 
be obtained either by direct calculation or graphically from a chart. 
In such a case, the flow regime is rigorously described, dictating 
a definite hydraulic grade line or slope to keep the water flowing. 
This slope and, consequently, the head loss, may thus be obtained 
directly from Figure 5-2. 

If the pipe diameter, length, available head, and C factor are 
known and the velocity and head loss are unknown, the problem 
is somewhat more complex. A Bernoulli equation made between 
two properly selected points in the system will show that the total 
head loss is equal to the drop in pressure plus the elevation dif- 
ference if the velocity head V7/2g can be neglected. (See Example 
3-4.) By this method, flow conditions can be approximated. 

To clarify these points, sample problems with solutions will 
be shown. 


Example 5-4 


Flow from tank to tank: 


Datum Z 
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Bernoulli’s equation in this case shows that the total head loss 
between points 1 and 2 is exactly equal to the value of Z,, the 
elevation difference, since pressures at both ends are zero. Ve- 
locities at both ends are also zero. 


Pigway Pacer 
weg ee wh ig fea ees 


0+0+2Z2,=0+0+0+ (Hi)a»z 


Hence, the value of S in the Hazen-Williams equation (neglecting 
minor losses in bends, entrances, etc.) is equal to Z,/L, and the 
H, point on Figure 5—2 would be (Z,/L) x 1000. 


Example 5-5 


Flow from tank with open-end discharge: 


The Bernoulli equation yields: 


Pi Ney ete 
wett2g w 2g 


+ Z, + (Ay) 


4 


y4 
5 
< 


2g 


0 se 0 AP Zy = 0 ot a= (Hz) 1-2) 


In this case, to obtain an appropriate solution, we must con- 
sider that the term V3/2g is negligible. Then, S = Z,/L, and the 
H, point on Figure 5-2 is (Z,/L x 1000). Minor losses are also 
neglected. Once the head loss per 1000 feet is determined, and 
knowing the C factor, the point of crossing of the pivot line can 
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be determined on Figure 5-2. Lining this point up with the pipe 
diameter, the velocity can then be determined. Once the velocity 
is determined, the term V3/2g should be calculated. If it is much 
less than (H,)_2), the assumption that it was negligible was cor- 
rect. If not, recalculate using the determined value of V, and solve 
for a new value of V,. When the old and new values are close, 
the solution is complete. 


Example 5-6 


Straight pipeline flow with pressure gauges at points 1 and 2: 


Write Bernoulli’s equation between 1 and 2. 


Pity Yi 


V3 
3 Zy — P2 ae == air Zp ae (Hi) a2) 
w 2g Ww. 


2g 


Z, and Z, are both equal to zero in this case and, if the pipe size 
remains constant from one point to the other, the terms V7/2g 
and V3/2g cancel, yielding: 


p P2 
(Hy) c-2) = 2 ta F 


which is the drop in pressure head. 

If the pipe size changes, we can still neglect the velocity terms 
because their difference is likely to be small. 

One further type of pipe-to-pipe situation must be consid- 
ered; that in which a difference in pipe elevation exists. If the 
elevation difference is significant, the expression for head loss will 
have the form: 
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(Hy) a-2) = = et = + (Z, — Z,) 


which is the change in pressure plus the elevation difference. 


Example 5-7 


Reservoir 
A 


Reservoir 
B 


With 1 cfs flowing, what is the total head required to maintain 
flow at steady state in the system shown? (Assume 15-year-old 
cast iron pipe and neglect minor losses.) As shown in Example 
5-4, the total head loss equals the elevation difference (Z,) and 
is the head required to maintain the desired flow. 


Os cis 


d 6 in 


Now, from Figure 5—2: 


knowing QO and d, read V = 5 ft/sec; 

establish turning point on chart; 

using C = 100 from Table 5—1, read H, = 24 ft/1000 ft; 
since the system only contains 350 ft of 6-in pipe, the head 
loss from point 1 to point 2 is: 


setae Ae 


(Hy)a-2) = 24 x 350/1000 = 8.4 ft 


The problem is not finished until it is certain that no items of 
significance have been neglected. Minor losses have been ne- 
glected in this problem, and if these are important they further 
complicate the problem. (This is discussed in detail in Chapter 
#2) 
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Example 5-8 


Referring to the sketch used in Example 5—7, assume the differ- 
ence in elevation between reservoirs A and B is 13.4 ft; what is 
the flow that can be maintained? 

The answer can be obtained readily. As in Example 5-4, 
Bernoulli’s equation can be written between 1 and 2, showing 
that (Hy)a2) = Zi. 


H, = 13.4 x a = 38.3 ft per 1000 ft 


With H, = 38.3 ft per 1000, and C = 100, find turning point in 
Figure 5—2; using turning point and 6-in diameter, read Q = 1.25 
cfs. 

Now if reservoir B is eliminated from the piping system, how 
should one approach the solution? The total elevation difference 
used, water surface to water surface, will still be 13.4 ft, as before. 
The following example shows the solution. 


Example 5-9 


Reservoir 


A 2, = 13.4! 


After drawing a good sketch, the first thing that strikes the eye 
is that the (Z,) quantity can be much larger than the value of 13.4 
ft in the former example, depending on the depth of connection 
to reservoir B in that example. This added head will tend to 
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increase flow because the system does not have to work against 
the back pressure of some depth of water over the exit end of the 
pipe. 

In this case, the assumption will be made that the pipe in the 
previous example discharged into reservoir B virtually at its sur- 
face so that little difference exists between the former Z, and the 
present Z;. 

Set up Bernoulli’s equation and neglect V3/2g (as in Example 
5-5). Also minor losses are neglected. 


(Hz) (1-2) —- 13.4 ft 


1000 
H, = 13.4 x 350 > 38.3 ft per 1000 ft 


As before, Q = 1.25 cfs. 

The difference between this solution and the former (Exam- 
ple 5-8) is that velocity head has been neglected. It is apparent 
now that the significance of doing this can be determined. With 
the approximate value of Q being 1.25 cfs and diameter of 6 in, 
V = 6.4 fps, and going back to Bernoulli’s equation: 


04042-0457 +0+ Ha» 
(Hz) a-2) = 13.4 - a 
(6.4)? 
(Ha-a = 13.4 —“24 = 13.4 - 0.61 


(HL) ca-2) = ees ft 


1000 
H, = 12.8 x 350 7 36.6 ft per 1000 ft 


New O = 1.20 cfs 


This is not too different from 1.25 cfs, and shows that V3/2g was 
indeed negligible. 
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(Note: If the values for Q were calculated using the Hazen- 
Williams equation instead of the chart, the first value for Q would 
have been 1.20 cfs instead of 1.25 cfs and the new Q would have 
been 1.17 cfs instead of 1.20 cfs.) 


PROBLEMS 


5-1. Water flows upward at a rate of 7.85 cfs in a vertical 12-in 
diameter pipe. At point a in the pipe the pressure, P,, is 
4392 psf. At point b, 15 ft above point a, the pipe diameter 
is 24 in, and pressure, P,,, is 3082 psf. What is the friction 
loss in head between points a and b? 


Answer: (Hy) a-v) = Pyto tt 


5-2. A flow of 10 cfs occurs in a rough concrete pipe of 30-in 
diameter. What is the velocity of flow? Calculate the total 
head loss due to friction in a 2000-ft length of the pipe. 


Answer: WV = 2.04 fps 
(H,) = 1.3 ft 


5-3. Determine the value of the Hazen-Williams coefficient, C, 
for a 2-ft diameter pipe carrying 20 cfs with a total head 
loss of 50 ft over a 5000-ft length. 


Answer: C = 90 


5-4. An upward inclined 6-in pipe discharges water into the 
atmosphere. The flow rate is 1.963 cfs and the pressure at 
a point in the pipe 6 ft below the discharge end is 33.5 psi. 
Calculate the total head loss between that point and the 
discharge end. 


Answer: (H,) = 71.4 ft 


5-5. What minimum size vitrified pipe should be used to carry 
a flow of 17 cfs if the total friction loss is to be 25 ft over 
a pipe length of 5000 ft? What is the velocity of the flow? 


Answer: d= 24in 
V = 5.4 fps 
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Compound Pipes 


In many problems encountered in the analysis of hydraulic sys- 
tems, one is concerned with pipes of different sizes connected end 
to end, or with two or more pipes of the same size or of different 
sizes connected in parallel. The existence of such systems neces- 
sitates some discussion of pipes in series (pipes of different sizes 
connected end to end), pipes in parallel (two or more pipes op- 
erating side by side, thus splitting the total flow between them), 
and equivalent pipes. When pipes are connected in series or par- 
allel, they are said to comprise a compound pipe system. Exam- 
ples of these situations are shown in Figure 6-1. 

For solution of hydraulic problems related to compound pipe 
systems, a useful concept is that of equivalent pipes. Two pipes 
(or two pipe systems) are said to be equivalent if the losses of 
head in each are identical for the same rates of flow. The equiv- 


1400 ££ - 10-inch 


HOO ft. 1200 ft. 1500 ft. 
10-in 8-in 6-in 


1500 ft =- 6 in 


a. Series Compound 
b. Parallel Compound 


Figure 6-1. Compound pipe systems. 
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alent pipe concept consists of replacing several connected pipes 
(in series or parallel) with one pipe of constant diameter which 
creates the same total head loss for a given flow. The equivalent 
pipe length is determined by selecting a pipe length and diameter 
that will give the same head loss as the total head loss for the 
original multipipe system at a given or assumed flow. 


PIPES IN SERIES 


A compound system involving pipes in series may be approached 
in essentially the same fashion as a simpler system made up of 
sections of pipe of the same diameter. That is, the head losses 
for each section may be added to give the total head loss for the 
entire length of pipe. Example 6—1 demonstrates the proper ap- 
proach to a problem of this type. 


Example 6-1 


With 1 cfs flowing, what would be the total head required to 
maintain flow at steady state in the system shown? (Assume cast 
iron with a C value of 100 and neglect minor losses.) 
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From: Figure 5-2, the following slopes are obtained: 


8-in pipe at 1 cfs = 7 ft/1000 ft or 0.007 ft/ft 
(head loss per foot of pipe) 
6-in pipe at 1 cfs = 24 ft/1000 or 0.024 ft/ft 
4-in pipe at 1 cfs = 200 ft/1000 or 0.200 ft/ft 


Now, multiplying the slopes by the appropriate lengths of the 
pipes: 


200 ft of 8-in at 0.007 ft/ft = 1.40 ft 
50 ft of 6-in at 0.024 ft/ft = 1.24 ft 
100 ft of 4-in at 0.200 ft/ft = 20.00 ft 


(Hy) 1-2) = Total = 22.64 ft 


The complete solution of the above problem again involves 
checking Bernoulli's equation to be sure no factors have been 
overlooked. It should be recognized that the four inch pipe in the 
previous problem is contributing a major portion of the total head 
loss of the system, out of proportion to that contributed by the 
other sections of pipe. A check of the velocity shows that for OQ 
= 1.0 cfs andd = 4in, V = 11.5 fps. 

It has been noted previously that velocities of 2 to 5 fps are 
normal. Velocities greater than-10 fps are often obtained in waste 
water lines or fire hoses which are not in continuous use, but 
rarely can a system afford to expend the energy required to pump 
at these higher velocities on a continuous basis. In this case, re- 
placing 100 ft of 4-in with 100 ft of 6-in would drop the total head 
loss from 22.64 ft to 5.0 ft, a major saving in energy or power. 
This should emphasize why recommendations for distribution sys- 
tems often will not permit use of 4-in pipes. 

More complex problems involving series compound pipes arise 
when no information is available regarding values for two of the 
terms Q, A, or V, but instead a pressure or head differential is 
revealed by the Bernoulli equation, suggesting the availability of 
a hydraulic slope. In such complex cases, solution is facilitated by 
the use of equivalent pipes. 
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EQUIVALENT PIPE 
DETERMINATIONS FOR 
PIPES IN SERIES 


The use of the concept of equivalent pipes in solving series com- 
pound pipe problems involves the conversion of lengths of pipe 
of different sizes into a hypothetical length of pipe of one size 
which will give exactly the same total head loss for the same flow. 
The diameter chosen for the hypothetical equivalent pipe need 
not be the same as that of any of the pipes in the actual system. 
Once chosen, however, the diameter must be used consistently 
thereafter in application of the Bernoulli equation between any 
two points in the system, just as though the hypothetical pipe 
were actually present. By way of example, consider a flow of 1 
cfs taking place in a 1000-ft length of 10-in pipe with a Hazen- 
Williams C value of 100. What would be the equivalent length of 
a 6-in pipe having the same C value? To answer this question one 
must first compute the head loss which would occur in the 1000- 
ft length of 10-in pipe. From Figure 5—2, it may be seen that a 
flow of 1 cfs in the 10-in pipe produces a slope, s, of 2.2 ft per 
1000 ft of length. From the same chart, a value of s = 24 ft per 
1000 ft of length is obtained for a 1 cfs flow in a 6-in pipe. Thus, 
for the 10-in pipe: 


Pad is 
L000 ft 


H, = x 1000 ft = 2.2 ft 


For the 6-in pipe, S = 24 ft/1000 ft (0.024 ft/ft), and the equivalent 
length of the 6-in pipe is 


H, 2.2 ft 
Ph aretbhGoaitietal’ vr G5 
elit Dh a Wi CPT eC R 


Thus, in terms of total head loss for a flow of 1 cfs the 92-ft 
length of 6-in pipe is equivalent to the 1000-ft length of 10-in pipe. 
The two systems should thus be equivalent for any other flow, 
and should produce the same head losses at these flows. To sub- 
stantiate this, consider a different flow, say Q = 1.5 cfs. From 
Figure 5—2, it may be seen that for this flow the slope is 52 ft/ 
1000 ft of length for the 6-in pipe. Hence, 
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S2iit 


(Ai)s = 1900 ft 


x 92 ft = 4.8 ft 


Again, from Figure 5—2, the value of S per 1000 ft for the 10-in 
pipe at a flow of 1.5 cfs is 4.7 ft/1000 ft and 


4.7 ft 


(Hi)io = 7000 ft 


x 1000 ft = 4.7 ft 


In the use of nomographs such as Figure 5—2 for obtaining 
values for the various hydraulic parameters, one may note that 
slight discrepancies often exist in checking problems such as that 
given above. Such discrepancies may result simply from distortion 
of the nomograph. By this time, however, the approximate nature 
of hydraulic computations has been emphasized sufficiently, so 
that a certain tolerance of error (up to perhaps 2—5%) should be 
expected and allowed for. 

With knowledge of the manner in which equivalent pipes may 
be substituted for actual pipes in any system, it is now possible 
to consider more complex cases of compound series arrangements 
in which only one of the factors, Q, A, or V, is known along with 
the hydraulic slope. In setting forth an example for this case, pipe 
lengths will be kept short so that the same system can be em- 
ployed later, in Chapter 7, to illustrate differences produced in 
head loss when minor losses are included in the considerations. 


Example 6-2 


uv 


open 


gate fir 


valve 


Reservoir 


Reservoir 
B 
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Assume that the system shown is flowing at steady state under 
the total head of 10 ft. What quantity of water would flow from 
reservoir A to reservoir B, assuming C = 100? 

Neglecting minor losses, the Bernoulli equation is written: 


gg pc he 
Wie Spo HAE pag ila, ie) 


0+0+10=0+0+0 + (H,) 


For equivalent pipe substitution, assume that 1 cfs is flowing 
through the system. 


Pipe H, ft/1000 S (ft/ft) Actual loss, ft 
13 ft of 4-in 200.0 0.20 2.60 
10 ft of 12-in 0.9 0.0009 0.0009 
8 ft of 6-in 24.0 0.024 0.19 
31 ft 2.79 


Now, choosing 6-in pipe and knowing that S = 0.024 ft/ft for 
1 cfs in such a pipe, then a pipe theoretically equivalent to the 
actual 31 ft of mixed pipe sizes would be 2.79/0.024 = 116 ft of 
6-in pipe. 

Merely insert 116 ft of 6-in pipe between the reservoirs, and 
the slope now is 10/116 = 0.086 ft/ft, or 86 ft/1000 ft. In order 
for such a loss of head to occur, one can now calculate from 
Figure 5—2 that 1.85 cfs would have to be flowing through the 
system. 


PIPES IN PARALLEL 


A “pipes in parallel” problem usually originates as part of a “pipes 
in series” problem. By way of example, consider the system shown 
in Figure 6—2. It may be noted that if pipe sections II and III in 
Figure 6—2 are combined to give a single pipe connecting sections 
I and IV, the problem reduces to that of ‘“‘pipes in series’ as 
discussed previously. 
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1000 ft v-inch 


2000 ft 10-inch 


Figure 6-2. Parallel pipe system. 


Continuing with the example, it is not difficult to realize that 
if the valve, C, in section II is closed, it becomes more difficult 
for water to flow from point 3 to point 4. In essence, one large 
pipe might also be used between points 3 and 4 which would be 
hydraulically equivalent to the parallel system for the case in which 
valve C is opened, but a smaller pipe would be required for hy- 
draulic equivalency for the case in which valve C is closed. In 
other words, substitution of one equivalent pipe for the parallel 
system requires a matching of resistances to flow, or head losses. 

In handling analyses of parallel pipe systems, it is invariably 
necessary to substitute one hydraulically equivalent pipe for the 
two or more pipes in parallel. By definition, this hypothetical pipe 
must pass the same flow with exactly the same head loss. It may 
have any diameter, but once d is chosen, the corresponding length 
to give hydraulic equivalency is fixed. Similarly, the hypothetical 
pipe could be chosen with a certain length, in which case its di- 
ameter would be uniquely fixed in order that it give the required 
head loss for the specific quantity of flow. 

Referring once more to Figure 6—2, if the Bernoulli equation 
is written between points 3 and 4, and minor losses are neglected 
for the time being, one obtains 


a) = (4M) + (2-2) +a -2 
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Taking a case in which the velocity head terms, V7/2g, are 
relatively low and the piping is on flat terrain, 


Le Pa>.3P4 
Ay) = ( = Ps) 


Ww 


It is apparent that a glass tube inserted at point 3 would have 
water rising to (p;/w) ft above the datum, and water in a tube at 
point 4 would rise to (p/w) ft. The differential (p3/w — p./w) is 
a single pressure head between these points causing flow in both 
sections of parallel pipe. This differential also represents the loss 
in head between points 3 and 4. Thus, both pipes have the same 
head loss and it becomes clear that one equivalent pipe can be 
substituted between points 3 and 4 yielding a head loss equal to 


(p3/w — p,/w). 


EQUIVALENT PIPE 
DETERMINATIONS FOR 
PIPES IN PARALLEL 


In determining an appropriate equivalent pipe to connect sections 
3 and 4 in Figure 6—2, one must first assume a value for the 
differential pressure, (H,)p. Since this differential acts to force 
water through both sections, II and III, the next step is to deter- 
mine what flow would be characteristic for each section at this 
head loss or a differential pressure. The solution of this problem 
is given in Example 6-3. 


Example 6-3 


Assume (H;,) = 3 ft, C = 100. Under this head, the discharge 
calculated from Figure 5—2 is: 


ae) 


Pipe II, Q= 
Pipe III, Q= 


lie & 


oo 


‘Totals Ons ledecis 
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What single pipe would give the same total Q for (H,) = 3 
ft? (1) Choose diameter = 12 in. (2) Refer to Figure 5-2 and 
select turning point (for C = 100) for the given values and for Q 
and d. Then S = 1.1 ft/1000 ft = 0.0011 ft/ft. 

Now (H,) = S x L; dividing both sides of the equation by S 
gives: 


_ (AL) 
ae S 


Sit 


Foot oot 
Thus, a pipe of diameter d = 12 in and length L = 2730 ft 
is equivalent to the parallel sections II and III in Figure 6-2. 
For further computation, the problem can now be considered 
as a “‘pipes in series” problem and treated in the same manner 
as discussed earlier in this chapter. 


MORE COMPLEX SYSTEMS 


Regardless of the complexity of a pipe system, the principles dis- 
cussed previously may be applied for obtaining a correct hydraulic 
solution. Series systems of the highest degree of complexity may 
be reduced to a simple equivalent pipe of specific diameter and 
length, as long as the quantity of flow is considered to be at steady 
state. 

For non-steady state flow, that is when water is drawn from 
the system at various points along the pipe, the approach one 
must take is to imagine that the piping is cut into sections at these 
points. Each section is then considered to be a separate problem 
with a different flow, and with the appropriate flow fixing the 
respective velocity for each section. The velocity in turn fixes the 
turning point on the Hazen-Williams chart and, if a roughness, 
C, is assumed then the corresponding hydraulic slope, S, can be 
read for each section of pipe. 

As far as complex parallel systems are concerned, any number 
of parallel pipes connecting two points may be converted to one 
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equivalent pipe between those points. When all parallel pipes 
have been substituted for by single equivalent pipes, the problem 
is handled as a “‘pipes in series” problem as above. 


PROBLEMS 


6-1. Convert the following pipes to equivalent lengths of 8-in 
pipe with C = 100. (a) 2000 ft of 12-in with C = 120; 
(b) 500 ft of 6-in with C = 120; (c) 200 ft of 6-in with C 
= 120. 


Answer: Equivalent lengths of 8-in with C = 100 are: 
(a) 200 ft; (b) 1500 ft; (c) 600 ft. 


6-2. Using the equivalent pipe method, determine the flow in 
the series compound pipe shown below if pressure at point 
1 is 100 psi and that at point 2 is 50 psi. Assume C = 120 
for all pipes. 


1400 ft 


1500 ft 1200 ft 


10 inch 


Answer: QO = 1.85 cfs 


6-3. The flow from point 1 to point 2 in the parallel pipe system 
shown below is 4.45 cfs. What is the head loss between 
these points if C = 120 for all pipes? 


10-inch 

1200 ft 
-inch 

SOO! teu 


6-inch 


Sil. 


Answer: (H,) = 11 ft 


6-4. 


6-5. 
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Water flows from point 1 to point 4 in the network shown 
below. What equivalent length of 14-in pipe can be sub- 
stituted for the existing pipes transmitting water between 
these two points? (C = 100 for all pipes.) Hints: (1) Assume 
a Q; (2) obtain equivalent pipes for series sections 1-2-4 
and 1—3-—4 to give parallel system; (3) obtain equivalent 
length of 14-in pipe for the parallel system. 


4000 ft 16-inch 


oe) 
S 
j=) 
So 
Fh 
ct 


UES CL 


4000 ft 10-inch 


Answer: L = 5000 ft of 14-in pipe 


In the compound pipe system shown in the sketch, the 
velocity of flow in pipe DC is 3 fps. Using a value of C = 
120 for all pipes, compute the required difference in ele- 
vation, Z, of the water-surface in the two reservoirs, ig- 
noring minor losses. 


1000' B 2000' 10" 


Aviswer: Z’= 314t 
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Minor Losses in 
Fluid Flow 


In this chapter, the so-called minor losses (those associated with 
valves, fittings, etc.) will be considered as a special case. The 
word minor is to merely indicate that the energy loss at these 
various fittings and valves is small compared to the friction losses 
that occur in the pipe itself under ordinary circumstances. With 
very short lengths of pipe, such as in a pipe gallery, the so-called 
minor losses may become much more important than friction loss 
in the pipe and, therefore, must be considered. In contrast, in 
long pipe runs, minor losses are usually neglected since the pipe 
friction is so large compared to the “minor” losses. In every case, 
the engineer considers the two categories of loss and then makes 
his own decision as to whether one or the other can be neglected 
or whether both must be included. 

To facilitate computation of the magnitude of minor losses, a 
nomograph (prepared by the Crane Company) of the various fit- 
tings in common use is included (Figure 7—1). The nomograph 
presented is based on “‘the equivalent pipe technique.” Any pipe 
fitting or change in cross section will create some turbulence and, 
therefore, increase the friction of water particles rubbing against 
one another. This causes a loss in energy or head due to internal 
friction within the water mass. Proportionally, there is less energy 
loss in larger fittings than in small. 

The ‘“‘equivalent pipe technique” merely is a method of esti- 
mating how much straight pipe would have created the same 
amount of energy loss as the fitting in question. There are other 
approaches to the solution of problems involving minor losses. 
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Figure 7-1. Resistance of valves and fittings to flow of fluids. 
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However, the “equivalent pipe technique” is simple and straight- 
forward. . 

The nomograph shown in Figure 7-1 is set up with a great 
many of the different fittings plotted against the nominal diameter 
of the pipe or fitting. Nominal diameter means the identifying 
diameter of the pipe. This is the diameter by which pipe is ordi- 
narily described or ordered. The actual inside diameter of various 
classes and sizes of pipe may be slightly different from the nom- 
inal diameter. The actual inside diameter must be either mea- 
sured directly or taken from a pipe manufacturer’s catalog for the 
pipe in question. The nomograph can be used to determine the 
equivalent length of pipe by following a straight line from the 
desired fitting to the nominal diameter. The line will cross the 
middle scale at a point which gives the equivalent length of that 
size pipe. This equivalent length of straight pipe will present to 
the water equal resistance to flow as does the fitting that is being 
evaluated. This is shown in the following example. 


Example 7-1 


A pipe has a sudden enlargement going from a 6-in diameter to 
a 24-in diameter. What is the resistance to flow due to this en- 
largement? 

Consulting the nomograph, we find sudden enlargements 
classified according to d/D (small diameter/large diameter); in our 
case, 6/24 or 1/4. Using a straight line, connect the point indicated 
by the fitting to the nominal diameter of the smaller pipe (6 in) 
and determine the equivalent length of smaller pipe (6 in) which 
will result in resistance to flow equal to the sudden enlargement. 
In this example, as shown by the dotted line, this is 16 ft of 6-in 
pipe. Note that the equivalent length is always in terms of the 
smaller diameter. In other words, 16 ft of 6-in pipe produces the 
same amount of head loss as a sudden enlargement of 6 in to 24 
in. 

Table 7-1 has been included to provide a direct calculation 
for smaller size water lines. To obtain the equivalent length of 
pipe, multiply the equivalent length in pipe diameters by the di- 
ameter of the pipe being used. 
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USE OF VELOCITY HEAD 


It is sometimes convenient to express certain minor losses in terms 
of velocity head (V7/2g). This is frequently true of the loss at an 
entrance to a pipe from a reservoir. With an ordinary entrance 
condition (square edges) the loss is equal to 1/2 V?/2g. When a 
pipe is discharging with squared edges and submerged in an open 
tank and the water in the tank has no velocity, the loss at the exit 
of the pipe is closer to one velocity head (V7/2g). An example of 
how this is determined is shown in Example 7-2, since it will give 
another opportunity where Bernoulli’s equation can be applied. 


Example 7-2 


Reservoir B 


Pipe A discharges into reservoir B creating turbulence and caus- 
ing an energy loss. A point just inside the pipe is called 1 anda 
point well into the reservoir where all velocity has ceased is called 
2. If a datum through the points is chosen, then Bernoulli’s equa- 
tion reveals the following: 


Vi V3 
Pipe iy ret Pie 422 “siz st (ET) SPL) 
he ae w 2g 
Bi aig 
Ww 
Reh 


< | 
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Zi = 0 
Z, = 0 
Ver 
age 


If point 1 is close to the tank so there is no pipe friction, the (H,), 
= 0 


2 
H+ s+ O=h+0+0+0+ Gidea 


Since the h’s cancel, 


CE es = = 

With an ordinary square-edged connection to a tank or res- 
ervoir, the above equation is reasonable. It would not be true for 
a flared or bell end pipe connection, however, since the entrance 
velocity is reduced. In these cases, the degree of turbulence is 
reduced and obviously the energy loss must decrease from that 
experienced in the case of the square edge connection. Minor 
losses for pipe configuration other than square-edged connections 
have been determined experimentally and are available in most 
hydraulic handbooks. 


COMPARISON OF EQUIVALENT PIPE 
AND VELOCITY HEAD TECHNIQUES 


Since the nomograph (Figure 7—1) provides for an ordinary en- 
trance determination, it might be well to check the minor loss at 
an entrance using the nomograph and compare it with the results 
of a velocity head calculation. 


Example 7-3 


As an illustration, let us consider a tank discharging water through 
a 6-in pipe (ordinary entrance), with a velocity of 3 ft per second. 
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By the velocity head technique: 


By the equivalent technique: 
Using Figure 7—1, equivalent pipe = 9 ft. 
Using Figure 5—2, 9 ft of 6-in pipe at 3 fps, C = 100 gives a head 
loss of 9 ft/1000 ft. 


9 
Gs FS ee = 7000 x 9 = 0.08 ft 


The student should note that there is not exact agreement 
here. The value 0.07 is merely close to 0.08 and both are quite 
acceptable. Precise answers in this area are not possible except 
where each component is set up and tested separately. Small dif- 
ferences in surface roughness, slight rounding of the edges of the 
connection, different temperatures, and resulting viscosities of the 
fluid would produce differences in the resulting energy loss. 

Since these variations exist, problems in minor losses must be 
approached by approximating values and not attempting to get 
strictly precise answers. 

As can be noted from the nomograph, head loss at an en- 
trance is a special case of a sudden contraction. A sudden con- 
traction of d/D = 1/4 is actually very close to a square-edged 
ordinary entrance. All values of d/D less than 1/4 must lie be- 
tween the value given for d/D = 1/4 and the value given for an 
ordinary entrance on the nomograph. 

No value is shown on the chart for an ordinary square-edged 
exit value. However, Example 7—2 has established the fact that 
loss at exit is V*/2g. This is the same as the Borda entrance as 
shown below. Whenever a pipe extends into a reservoir or tank 
a Borda entrance is created. 


Borda entrance 


5 


ye 
loss = 1 — (approximately) 

maximum bending of 

flowline = 180° 
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APPLICATION OF MINOR 
LOSS VALUES 


With few exceptions, minor losses are determined for the primary 
purpose of completing a solution using Bernoulli’s equation. As 
long as losses of energy are expressed in feet, values can be in- 
serted directly into the equation and direct solutions made. When 
losses are expressed in terms of velocity head, insertion into Ber- 
noulli’s equation also is possible. 

The labor of totaling all the minor losses in a complex system 
can be enormous. Whether it is decided to neglect this factor or 
to include it, a valid decision cannot be made in the absence of 
facts. In other words, when the decision is made to neglect losses, 
it should be done only after a rough check is made showing their 
magnitude is small enough to neglect (say, <S%). 

Typical problems that arise are somewhat more complex cases 
of those situations discussed in the two previous chapters. When 
two values of the three, Q, A, or V, are given, the solutions are 
straightforward. All fittings are evaluated in terms of equivalent 
feet of pipe and compared to the actual pipe in the problem. If 
a significant part of the total is represented by the minor losses, 
they must be included. They are merely added to the actual length 
of pipe L to form a somewhat longer theoretical pipe. In all sub- 
sequent computations the new length is used in place of the actual 
length. 


STRAIGHTFORWARD SOLUTION 


Example 7-4 


Reservoir 
A 


Datum 


Reservoir 
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For this example, an identical problem to the one in Chapter 5 
where minor losses were neglected’will be used. In this way, a 
basis of comparison can be established. Reference is therefore 
made to Example 5—7. The sketch and computation previously 
used can be used again. 

As the problem was given, calculate the total head required 
to keep 1 cfs at steady state. 

Setting up Bernoulli’s equation: 


Paid P2 , V3 


Fie 2e + 25+ (Hy), + (He) nn 


OZ = 04+ 0+ 0 (ee (ean 
Obviously the next step is to add the pipe losses and the minor 


losses. Pipe losses = 0.024 x 350 ft = 8.4 ft (as shown in Example 
5-7). Minor losses: 


Il 


1 entrance 9 ft—6 in pipe 
2 elbows 33 ft—6 in pipe 
1 exit (same as Borda entrance)= 19 ft—6 in pipe 


Equivalent pipe = 61 ft—6 in pipe 
Minor losses = 0.024 x 61 ft = 1.5 ft 
Total head required = 9.9 ft 


Comparison of the results between Example 5—7 and Exam- 
ple 7—4 shows that the neglect of minor losses in this case would 
create an error of approximately 18% in the total head. This 
would be entirely too large an error to accept in the usual situa- 
tion and, hence, inclusion of minor losses must be considered in 
this case. 


SOLUTION OF A MORE 
COMPLEX SYSTEM 


The situation involving a complex piping system with a given total 
head and the question, “how much water can be delivered under 
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these conditions?” is frequently met. There are other levels of 
difficulty between this problem and the simpler variety illustrated 
as Example 7-4. 

In Chapter 6, Example 6—2, the problem of an involved pip- 
ing system was presented with minor losses neglected. The stu- 
dent is advised to again look that problem over and then note the 
difference in the solution that follows where minor losses are 
included. 


Example 7-5 


9) > 


Pi Vi P2 V5 
eae 2g + Zy = 25,00 al Z, + (Hi)pipe + CAL)me 


OO 10 0 a 0 eg 
or, 
Total Ay = CHe Joss t Ulli iaines Ieee a ae 
Minor Losses Itemized 


l entrance = 6 ft—4 in pipe 


Ne 
Liexit 26 (sudden enlargement) = 19 ft—6 in pipe 
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~ 2-4 in elbows at 11 ft each = 22 ft—4 in pipe 
1—4/12 enlargement = 8 ft—4 in pipe 
1—gate = 2 ft—4 in pipe 
1—6/12 contraction = 6 ft—6 in pipe 
1—-swing check 6 in = 38 ft-6 in pipe 


Total minor losses in terms of equivalent pipe = 63 ft—6 in 
and 38 ft—4 in. 


To Compute 
Equivalent Pipes 


Assume 1 cfs flowing 


Actual loss 


Pipe H, ft/1000 fi/ft Q = 1 cfs 

13 ft—4 in 200.0 0.20 2.60 pipe 
actual 

38 ft—4 in 7.22 minor 
equivalent loss 
pipe joint 
fittings, etc. : 

8 ft—6 in 24.0 0.024 0.2 pipe 
actual 

60 ft—6 in 1.5 minor loss 
minor losses 

10 ft—12 in 0.9 0.0009 0.009 pipe 
actual 


Total = 11.529 
Say =11.5 ft 


To proceed to the selection of an equivalent pipe, any pipe 
may be chosen, but assuming a 6-in pipe is used, S = 0.024 ft/ft. 


For 1 cfs, => = = 479 ft of 6-in pipe, 
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which means that 479 ft of straight 6-in pipe gives the same amount 
of head loss as the entire system shown in the sketch. Substituting 
the theoretical for the actual system, the actual hydraulic slope 


1S: 
my iy 
s- (7) 
10 


S= 479 ~ 0.0209 ft/ft or 20.9 ft/1000 ft 


From Figure 5—2 and at this hydraulic slope, only 0.85 cfs could 
possibly be flowing. 

It should be noted that again in this case the problem has 
accentuated short pipe lengths so as to emphasize the effect of 
minor losses. The change in flow from Example 6—2 to Example 
7-5 indicates 1.85 cfs is reduced to 0.85 cfs when minor losses 
are considered. This is a substantial change and obviously minor 
losses could not be neglected for any degree of accuracy. 


PROBLEMS 

7-1. What is the loss of head through a 10-in gate valve, 3/4 
open? 
Answer: 34 ft of 10-in pipe 

7-2. What is the loss at the entrance to an 8-in pipe from a 
ground level storage reservoir? 


Answer: 12 ft of 8-in pipe 
7-3. What is the loss through a 12-in gate valve fully open? 
Answer: 6.8 ft of 12-in pipe 


7—4. If a 12-in pipe were suddenly contracted to a 9-in pipe, 
what would be the loss? 


Answer: 5 ft of 9-in pipe 
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7-5. Find the equivalent length of pipe for each of the follow- 


ing: 


ais 


Answer: 


a 
b. 
c 
d 


‘ 


12-in gate valve 1/2 open 

10-in swing check valve fully open 

12-in—45° elbow 

a 12-in pipe suddenly enlarged to a 16-in pipe 


200 ft of 12-in pipe 
65 ft of 10-in pipe 
15 ft of 12-in pipe 
6.5 ft of 12-in pipe 


7-6. Compute the feet of head loss through each of the equiv- 
alent pipes in Problems 7—1 through 7—4 using the nomo- 
graph (Figure 5—2) and assuming a flow of 500 gpm, and 


C = 100. 


Answer: 


1 
Zs 
at 
4 


0.095 ft 
0.097 ft 
0.008 ft 
0.023 ft 


7-7. Determine the minimum difference in elevation required 
to maintain a steady flow of 100 gpm through the system 
shown, C = 100. 


Answer: h = 


1.88 ft 


aie Set ste 
gi dls gpm a iTameves ach <= ui 4 


aoe somes ae . - a, ee “a ~~" STytiss ¥ 
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Flow in Open 
Channels 


Open channel flow has been defined in Chapter 3 as flow which 
occurs in a conduit that is not closed or in a closed conduit that 
is not filled by the flowing water. This type of flow occurs in 
washwater troughs, settling basins, and usually in sewer lines. 

If the flow passing a given cross section does not change with 
time, the flow is said to be steady. Thus, the flow out of an open 
channel must equal the flow into the channel for the condition of 
steady flow to prevail. If the cross sectional area and the velocity 
of the flow remain constant over the entire length of the channel, 
the flow is further referred to as uniform. This lesson will be 
concerned only with cases where the flow is steady and uniform. 
Unsteady and nonuniform flow conditions are beyond the scope 
of this text; for further information on this subject, reference 
should be made to an appropriate textbook on fluid mechanics 
or hydraulics. 


EQUATIONS GOVERNING FLOW 


Many equations are shown in references, texts, and manufactur- 
er’s catalogs which state that they are open channel equations, 
yet they all look somewhat different from each other. All are 
based on Bernoulli’s equation coupled with the concept of a sys- 
tem of forces wherein the weight of fluid sliding down a plane is 
just opposed by the frictional resistance of the plane on the fluid. 
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Figure 8-1. 


Assume that steady state prevails and that water is flowing 
down plane A from 1 to 2. 


V3 Pp , V3 
# +35 + Z, = = te 2g + Z, + (Hy)a-2) 
Pi _ P2 
Ww Ww 
Xi ons 
2g «og 
Vm —s ¢) 
Therefore, 
(Hy, Ja to2) = Zi (8.1) 


This is the same relationship that was shown to exist in the 
closed pipe where Z, was replaced by the differential pressure. 
In other words, the energy for flow in open channels usually 
comes from the slope of the channel since the conduit is not 
pressurized. 

In water or sewage plant construction, short lengths of chan- 
nel are often built with flat bottoms for ease and economy of 
construction. This does not interfere with flow since the water 
merely backs up at the upper end of the channel and the surface 
assumes the proper slope, s, required to discharge the water at 
the appropriate rate. In other words, the water literally forms its 
own hill down which to slide. 
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Equation 8.1 established the fact that a slope (Z,/L) was nec- 
essary to maintain a flow of Q cfs flowing down plane A. This 
quantity of flow at point 1 has energy due to V7/2g, due to p,/w, 
and due to elevation Z; above the datum plane. Usually the pres- 
sure head at point 2, p,/w, equals the pressure at point 1 (p,/w) 
since both are normally atmospheric. 

As the fluid moves along, the amount of energy required to 
keep it moving is just the slope(s) of the channel. The quantity 
of flow or the velocity head is therefore a function of slope. This 
is expressed mathematically as: 


v2 
Ipen kS (8.2) 

Obviously the energy lost is due to friction with plane A, since 
the only force opposing motion down the plane is frictional resis- 
tance. It can be concluded, therefore, that to maintain a given 
quantity of flow while the frictional losses were increased would 
require a steeper slope. Apparently k in Equation 8.2 must in- 
volve friction on the wetted surface. Then, k = CR (where R is 
the hydraulic radius). 

Chapter 1 discussed the use of hydraulic radius (R). Chapter 
5 also referred to this parameter in the development of the Hazen- 
Williams equation. From what has been said, it follows that a 
logical expression for flow in open channels would be: 


Vex GC Rt S? (8.3) 
where C = friction coefficient 


R = hydraulic radius 
S = slope of hydraulic gradient, ft/ft 


By experiment and observation researchers have established 
empirical values for C, a, and b. 


@nezy~V = ORY Sie (8.4) 
Hazen and Williams: V = 1.318 C R®-6 S0.54 (8.5) 


1.486 
Mannings: V = os) Bees (8.6) 
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Obviously in the experimental development there has been 
some difference in the results produced, but all these expressions 
are close and the precision obtained is probably as good as the 
ability to select a proper roughness coefficient. 

Probably the most popular open channel flow equation today 
is Mannings’, and two monographs are supplied with this chapter 
to aid in solution of problems using this expression. 


CROSS SECTIONS 


The geometric properties of cross sections needed for computa- 
tions in open channel flow are: 


1. the cross sectional area of flow, A; 

2. the wetted perimeter, P (the length of the perimeter of the 
cross section in contact with the water); and 

3. the hydraulic radius, R (the cross sectional area of flow di- 
vided by the wetted perimeter). 


Typical channels of different cross sectional shapes are illus- 
trated in Figure 8—2. General formulas for computing the geo- 
metric properties of the cross sections shown in Figure 8—2 are 
given in Table 8-1. 


CIRCULAR CHANNELS 


The circular cross section is certainly the most frequently used 
open channel. The initial complication which must be faced is 
that the nomographs provided always yield solutions to problems 
dealing with full pipes. As long as this restriction is kept in mind, 
Figure 8-3 will provide a direct solution for roughness of n = 
0.013 or n = 0.015. It should be noted that these values cover 
both cement and vitrified clay pipes as well as coated and un- 
coated iron (Table 8-2). 

A typical example is worked directly on Figure 8-3 so that 
its use is straightforward and solutions direct. 
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- Rectangle 


Figure 8-2. Geometric properties of channels. 


Table 8-1 Parameters of Various Channels 


Cross Section Rectangle ‘Triangle Trapezoid Parabola 
2 

Area, A wh yh? wh + yh? 3 hT 

mcd Vey De Oh Te 

perimeter, P Sian 

Hydraulic wh yh wh + yh? 2hT 

radius, R wt+2h 2Vy?+1 w + 2hv/y? + 1 3T2 + 8h? 


3A 
Top width, T w 2yh w + 2yh Th 
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Exomple :- Given ascharge Q:4.4c.fs 
friction foctor nm: 0.0/5 
slope of 0.0060'per foot 

Find diameter /Sinches and 
800 velocity of 3.5 ft per second, 
700 by following Cashed line. 
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Figure 8-3. Nomograph for computing required size of circular drain, 
flowing full (n = 0.013 or 0.015). 
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Table 8-2) Mannings’ Roughness Coefficient (n) 
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Type of Conduit n 
Pipe 
Cast iron, coated 0.012—0.014 
Cast iron, uncoated 0.013—0.015 
Wrought iron, galvanized 0.015-0.017 
Wrought iron, black 0.012-0.015 
Steel, riveted and spiral 0.015—0.017 
Corrugated 0.021—0.026 
Wood stave 0.012—0.012 
Cement surface 0.010-0.013 
Concrete 0.012—0.017 
Vitrified 0.013-0.015 
Clay, drainage tile 0.012—0.014 
Lined Channels 
Metal, smooth semi-circular 0.011—0.015 
Metal, corrugated 0.023—0.025 
Wood, planed 0.010—0.015 
Wood, unplaned 0.011—0.015 
Cement lined 0.010—0.013 
Concrete 0.014—0.016 
Cement rubble 0.016—0.030 
Grass =(0.2 
Unlined Channels 
Earth: straight and uniform 0.017—0.025 
dredged 0.025—0.033 
winding 0.023—0.030 
stony 0.025—0.040 
Rock: smooth and uniform 0.025—0.035 
jagged and irregular 0.035—0.045 


CIRCULAR SECTIONS 
PARTIALLY FULL 


Problems dealing with pipes flowing partially full require a knowl- 
edge of trigonometry to obtain the areas and wetted perimeters 
involved. The more complicated mathematics can be avoided by 
using a hydraulic elements curve as shown in Figure 8—4. This 
diagram provides the relationship between the partially filled sec- 
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tion and the full section for each of the elements of depth of flow, 
velocity, area, hydraulic radius, and discharge. 

The ratio of depth of flow in the partially filled section h to 
the depth of flow in a full section (diameter d) is shown on the 
vertical axis, while the ratio of the other elements for such a 
partially filled section in terms of the full section are shown by 
the respective curves and are read on the horizontal axis. 


depth filled =h 
depth full =d 
A ratio filled 
to full = h/d 


BE 


These elements are: 


= area of flow of partially filled conduit 


hydraulic radius of partially filled conduit 
velocity of flow in partially filled conduit 


| 


O< n> 
II 


= quantity of flow (discharge) in partially 
filled conduit 


The use of these hydraulic element curves can best be illus- 
trated by means of several examples. 


Example 8-1 


Consider a 12-in pipe flowing such that the depth of flow is 4 in 


deep. 
aon ale 12" 
4" 
ule | 


h/d = 4/12 = 1/3 = 33 1/3% 
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Using Figure 8-4, the area (A) of flow in the partially filled 
pipe is 0.28 times the full area of 0.28A ¢¢,). 

The discharge is 0.22 times the discharge from the pipe flow- 
ing full or 0.22Q Gu). 

The hydraulic radius R = 0.73 times the hydraulic radius of 
the pipe flowing full or 0.73 x (d/4). 

The velocity V = 0.78 times the velocity through this pipe 
flowing full. 


Example 8-2 


Consider a 12-in pipe flowing such that the depth of flow is 6 in 
(half full). 


Q = 0.5 xX the discharge when the pipe is flowing full 
A = 0.5 X the area of the pipe flowing full 


R 


1 x the hydraulic radius of the pipe flowing full 
V = 1 x the velocity in the pipe when flowing full 
Note that when a circular pipe flows half full it carries half 


full discharge with the same velocity as it had when full and has 
a hydraulic radius equal to that when full. 


Example 8-3 
A pipe of circular cross section and a diameter, d, of 2 ft carries 


water flowing at a depth, h, of 6 in. Determine the hydraulic 
radius, R, and the cross sectional area, A, for the partial flow. 


6!" 
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From Figure 8-4, 
A = 0.2 X the cross sectional area of the pipe 


R = 0.6 X the hydraulic radius for the pipe flowing full 


2 
Cross sectional area of pipe = = — we = 3.14 ft? 
Hydraulic radius for pipe flowing full = — = — = 0.5 ft 


Therefore, A = 0.2(3.14) = 0.63 ft? 
R = 0.6(0.5) = 0.3 ft 
The most common problem in sewer work involves a knowl- 


edge of procedure between full and partially full sections. The 
student should now be able to do this type of problem, 


Example 8-4 
An 18-in sewer has a fall of 2.5 ft between two manholes 250 ft 
apart. The pipe is flowing at a depth of 7.2 in. What is the quantity 


of sewage flowing and what would be the velocity at this depth? 
Also, what is the full capacity of this sewer? 


S = mat) =F OLO lett tt Assume n = 0.015 


Then, from Figure 8-3, 
Full capacity = 9 cfs 


Full velocity = 5.2 ft/sec 
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Then, from Figure 8—4, 


“= = 0.4 or 40% 


= 
d 


At this depth, 
Actual discharge = 33% of full value 
Actual Q = 0.33 x 9 = 3.00 cfs 
Actual velocity = 87% of full value 


Actual V = 0.87 x 5.2 = 4.5 fps 


SECTIONS OTHER THAN CIRCULAR 


Channels in water and sewage plants as well as irrigation ditches 
all use cross sections which are more difficult to deal with than 
the more regular circular section. For work in this area, the stu- 
dent must select a roughness from Table 8—2, compute the hy- 
draulic radius, and complete the problem using Figure 8—5, or 
obtain a direct solution for the velocity using Mannings’ formula. 
Calculators with power functions can be used for a direct solution 
of the Mannings’ equation. 

In using this nomograph (Figure 8—5), the coefficient of 
roughness (Column 1) is lined up with the velocity (Column 5) to 
obtain a point on the dummy scale (Column 3). This point can 
then be lined up with the hydraulic radius (Column 2) and ex- 
tended to Column 4 to obtain the slope. If any three of the four 
variables are known, the fourth can be obtained. Remember, the 
two outside scales are used together and the two inside scales are 
used together with the point on the dummy scale being common. 


Example 8-5 


An obstruction in a 3-ft-wide rectangular cement-lined channel 
causes the depth of water to be 2 ft immediately behind it. If the 


10 
oW 
9.0 
Fay 8.0 
ce fo 7-e 
&,O 
OT 
S.c 
“Oe 
4.0 
-OS 
3.0 
2045S 
a) 
abicoy F259 uo 
v WH 
i=} 
fa) 1 
2 7035 2-0 
fe) =) 
u 4 
U 
baal ica] 
fe) .c3 u 
v ‘GS 9 
G al 
(3) = 
od 5 
13) is} 
‘da f--02s5 u 
bag! vu 
G4 > 
cD) G 
e} 
co) 1.0 " 
90 
t= 02 = 
Es ow” -6O 
oD 
1D 
sO17 
-OVo 
,&O 
o1s 
oi Sc 
O13 
O12 40 
oO" 
-Ot 40 
009 
-b0& 
zo 


Q) @) 


to 


dummy scale 
o 


(3) 


Flow in Open Channels 


s = slope - ft/ft 
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v = velocity - ft/sec 


(4)> 15) 


Figure 8-5. Nomograph for Manning equation for all channel shapes; 


open channel flow. 
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channel extends upstream 380 ft, how deep would the water be 
at that point, assuming the channel bottom to be flat? It is also 
known that the flow is 10 mgd. 


Assume roughness = 0.010 for cement-lined channel. 


Q = 10 mgd or 15.45 cfs 


v = 22 = 2.58 fps 


Reference to Figure 8-5 gives, 


S = 0.00037 ft/ft 
H, oa S x Le 


H, = 0.00037 x 380 = 0.14 ft 


Therefore, the water at the head of the channel would be 2.14 


ft deep (2.0 ft + 0.14 ft). 


PROBLEMS 


8-1. 


8-2. 


What is the hydraulic radius, R, and the cross sectional 
area, A, for a flow of 6-in depth in a 10-in diameter circular 
pipe? 
Answer: R = 0.23 ft 

A = 0.34 ft? 


A 3-ft deep flow occurs in a triangular channel with a side 
slope, y, of 4 ft/ft. If n = 0.025 and S = 0.006, compute 
Q in cfs and V in fps. 


Answer: V = 5.9 fps 
Q = 213 cfs 


8-3. 


8-4. 


8-5. 


8-6. 
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A 20-ft wide rectangular channel lined with corrugated metal 
carries a flow with a depth of 9 ft. Calculate the rate of 
flow and the velocity in the channel if S = 0.0004. 


Answer: V = 3.45 fps 
Q = 621 cfs 


A flow of 400 cfs in a parabolic channel with a roughness 
coefficient of n = 0.025 has a top width, T, of 30 ft. If S 
= 0.005, compute the depth of flow, h, and the velocity, 
V. Hint: Use Equation 8.6 (substituting Q/A for V). Com- 
pute values of AR”? for different values of h. Construct a 
plot of AR”? vs h. Compute AR? for the conditions above, 
and read corresponding value of h from your plot. 


Answer: h = 3.0 ft 
V = 6.6 ft 


Determine the minimum hydraulic slope, s, for a rectan- 
gular channel that is to carry 600 cfs with a mean velocity 
of 3 fps. The lining is smooth concrete (i.e., n = 0.014). 
Assume the channel has a width twice the depth. 


Answer: S = 0.000093 ft/ft 
How deep will water flow in a 14-ft rectangular channel 


that is carrying 615 cfs if S = 0.00075 ft/ft and the channel 
is lined with smooth concrete? (Use n = 0.014.) 


Answer: D = 6.6 ft 
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Flow Measurements 
: 


Flow measurement is of extreme importance to water and sewage 
works personnel, since the quantities of product produced or 
treated must be evaluated. Flow measurements are also important 
in determining the distribution in various portions of a water sys- 
tem, and for controlling and evaluating the quantities of sewage 
discharge to our waterways. The flow expression of most interest 
is rate of flow, represented by Q in the general flow relationship, 
Q = AV which has been previously presented and explained 
(Equation 3.1). Common units for expressing the rate of flow are 
cubic feet per second (cfs), gallons per minute (gpm), and million 
gallons per day (mgd). 

In considering closed pipe flow under pressure, the rate of 
flow can be evaluated by placing a constriction within the pipe. 
This constriction produces a sudden decrease in area, and a re- 
sulting increase in velocity and velocity head. The total head is 
made up of (p/w) + (V?/2g) (assuming elevation constant). Since 
the velocity head is increased, p/w must decrease. As a result, it 
must be apparent that changes in p/w are related to changes in 
velocity. Since quantity is related to velocity through OQ = AV, 
pressure head changes can be correlated with flow. 

Flow meters which reduce the cross sectional area and which 
are commonly used in water and sewage works practice are ori- 
fices and venturi meters. Such meters have no moving parts and 
act merely to create a pressure differential across the constriction. 
This differential may read in feet of pressure and be converted 
to units of flowrate. 


109 
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Many people think of the common type of water meter used 
in measuring water to homes and businesses as the only kind of 
water meter in existence. Actually, the household water meter is 
of little value in measuring large quantities of flow. However, 
such a unit is uniquely suited to measuring residential use because 
it is a positive displacement type of device. Each time a unit of 
water passes through the meter, a disc oscillates. This in turn 
operates a gear train to record amounts of flow. A meter of this 
type for large quantities of flow would be exceedingly expensive 
and really unnecessary. The propeller-type meter, the orifice, or 
the venturi meter would be the device used in such a case. 


ORIFICES 


The orifice, when used as a flow metering device, consists of a 
circular hole in a thin metal plate which is fixed at the discharge 
point of a tank or reservoir, or clamped between the flanges of a 
pipe. These two uses of an orifice are illustrated in Figure 9-1. 
For the orifice application indicated in Figure 9—1a, the rate 
of flow from the reservoir can be evaluated through use of Ber- 
noulli’s equation and the equation of continuity. The velocity of 
the water discharging through the orifice can be determined by 
writing Bernoulli’s equation between points 1 and 2 as follows: 


D; Vi _ po , V3 
a ie a BT ae BS 


If the datum is placed through point 2, Z, can be eliminated 
from the equation. Also, since there is a free discharge of water 


ake 


Figure 9-1. Two uses of an orifice. 


Flow Measurements I 111 


to the atmosphere, the pressure heads at points 1 and 2 are zero 
and can be eliminated, thus leaving the equation in the following 
form (when head loss is neglected): 


It is also apparent that the cross sectional area of the reservoir 
is large in comparison to the orifice area and the downward ve- 
locity is virtually zero. Therefore, the velocity head at point 1 
becomes negligible and can be eliminated. This leaves: 


—=Z7, (9.1) 


Then, solving for the velocity at point 2: 
V> ee! 2g Zi 


where Z, = the elevation head producing flow through the orifice. 

By knowing the cross sectional area (A) of the opening and 
using the equation of continuity, Q = AV, the rate of flow through 
the orifice can be expressed as: 


Q = Av2gZ, (9.2) 


With Z, expressed in feet and A in square feet, Q is evaluated 
in terms of cubic feet per second (cfs). Equation 9.2 gives the 
theoretical rate of flow, since loss of head through the orifice was 
neglected. To evaluate correctly the actual rate of flow, the head 
loss through the orifice must be considered. This loss is usually 
taken into account by applying an experimental orifice discharge 
coefficient (C4) in the following manner: 


OG AN rid, (9.43) 
The orifice discharge coefficient depends on the sharpness of 


the edge of the orifice. Generally accepted coefficient values range 
from 0.60 for a sharp-edged orifice to 0.98 for round-edged orifices. 
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Example 9-1 
A 4-in diameter sharp-edged orifice discharges water from a res- 


ervoir under an elevation head Z, of 20 ft. What is the rate of 
flow through the orifice? 


Q = C,AV644 XZ, 


Assume: Cz = 0.60 


2 
a7d2 w/4 
— = — = 2 
A 4 (3) 0.087 ft 


Q = 0.60 x 0.087 \/64.4 x 20 
Q = 0.60 x 0.087 1288 
Q = 0.60 x 0.087 x 35.9 


(Oh Sd 


PIPE FLOW 


The use of an orifice to measure the rate of flow in a pipe under 
pressure is usually similar to that illustrated in Figure 9—1b. 


Pi Vi ee V3 
spe ag eo Mg atch ves Eo 


Neglecting head loss andV}/2g, and with Z, = Z,, the equa- 
tion becomes: 


V3 
2g 


Vv; = §& \Pi — Pajiw (9.4) 


Equation 9.4 neglects V7/2g, which is only of some magnitude 
when the approach pipe and the orifice diameter are relatively 
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close in size. The V7/2g term adds to the total head, and thus, if 
neglected, causes the flow to be underestimated. 

If more accuracy is desired, Equation 9.8 (developed later in 
this chapter) may be used. 


Example 9-2 


In the sketch as shown, assume the orifice has a diameter of 4 in, 
a coefficient of discharge of 0.65, and is inserted in a 10-in flanged 
pipe. If the differential pressure across the orifice plate is 21 ft of 
water, what is the flow? 

Neglecting the approach velocity head: 


Q = 0.65 x 0.087 x /64.4 x 21 
nisi 
Q = 2.08 cfs AUN oye 


It should be noted that Q is not an exact answer. Even if the 
more accurate equation (9.8) is used, the answer is still not exact. 
The reason is because of a lack of knowledge of the exact value 
of the coefficient of discharge. The so-called sharp-edged orifice 
is cut with a 90° edge as is shown in Figure 9—2a. 

Such an orifice has a definite coefficient of discharge. With 
use, the edge becomes rounded and the coefficient increases. Ori- 


114 Aydraulics for Operators 


c, = 0.60 to 0.98 


depending on degree 
of rounded edge 


a) Sharp-edged orifice b) Rounded edge on orifice 


Figure 9-2. Sharp- vs round-edged orifice. 


fice plates therefore lose accuracy with age and such a limitation 
should be recognized. 

A further limitation on the use of the orifice plate is the ex- 
treme turbulence created and the resulting energy loss. Unfor- 
tunately, this is not the only loss involved in the installation. As 
the water moves through the orifice, a very high velocity results 
which is discharged into a body of water having a relatively low 
velocity. In effect, most of the energy of the jet is dissipated in 
turbulence in the pipe that follows. 

The amount of the loss due to turbulence varies depending 
on the relative size of the orifice and the pipeline into which it is 
inserted. If the orifice is small and it discharges into a fairly large 
pipe, the loss approaches V3/2g, similar to the loss at the exit of 
a pipe as previously defined (Example 7-2). If the orifice is large 
in contrast to the pipe, the water downstream of the orifice in the 
pipe has appreciable velocity and as a net result, less energy is 
lost. The total energy losses through an orifice plate are signifi- 
cant. These losses must be evaluated in terms of ‘how much does 
it cost in terms of power?” Savings in electrical energy may pay 
for the installation of a more expensive meter which will have 
better flow characteristics. 

The advantages of orifice plates are their extreme simplicity 
and, hence, economic first cost. Perhaps even more importantly 
is the small space required for such a meter. 
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The only precaution necessary is that approximately 10 di- 
ameters of straight pipe should precede the orifice plate to create 
a smooth pattern of flow to the meter. In addition, about five 
diameters of straight pipe following the meter is desirable. If these 
minimum conditions are not met, the meter will probably dis- 
charge at a somewhat lower capacity than expected. Standard 
gauge connections are also important. Usually the locations of 
the gauge connections are specified for commercial orifice plates. 
Otherwise, the orifice plate must be calibrated on the site. 


VENTURI METER 


The other form of reduced area metering devices in common use 
is the venturi meter as shown in Figure 9-3. 

This device is normally installed in a straight length of pipe 
as a unit. It consists of a short nozzle connected to a meter throat, 
followed by a smooth diffusion exit cone with an angle of flare. 
As water flows through this meter, the normal hydraulic pressure 
exists at the entrance, and a reduced pressure is created in the 
meter throat. Again, as with the pipe orifice, the pressure differ- 
ence between sections 1 and 2 is transferred to a differential gauge 
or recorder that usually indicates the rate of flow in cfs, gpm, or 
mgd. To have continually accurate flow measurements, the small 
tubes or annular spaces connected to the gauge or recorder must 


Head Loss 
&— (through 
water ) 


Hydraulic Grade Line 


~~ e e —_e= 
A rs ee ee ee EO 


Figure 9-3. Venturi meter. 
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be kept clean and free of solids as well as air bubbles. This would 
be especially difficult with sewage where grease is a continual 
problem. 

This does not imply that gauge connections are not a problem 
with orifices. In fact, the problem is about equivalent in either 
case. 

The great advantages exhibited by venturi sections in contrast 
to the orifice plates are, first, the wear and consequent loss of 
accuracy in an orifice is not a problem in the venturi. Second, the 
loss of energy in turbulence downstream from the meter is not 
nearly as great with the venturi section. The diffuser cone pro- 
vides a gentle, yet constant conversion of velocity head to pres- 
sure head and thus recovery of a large portion of V3/2g energy is 
possible. 

The disadvantages of the venturi meter are its long length and 
its initial cost. Both of these factors may outweigh the energy loss 
and loss of accuracy inherent in the aging of an orifice meter. 

Where particulate matter is concerned, as in sewage, the ven- 
turi is almost always used since the solids can be scoured through 
easily, and wear in the throat does not imply too many problems. 
Solids do not easily pass the orifice plate, and if they do, the 
sharp edge usually suffers rapid deterioration. 

Quantity of discharge through venturi meters can also be cal- 
culated using the Bernoulli and continuity equations. Writing the 
Bernoulli equation between points 1 and 2 as shown in Figure 9— 
3 gives: 


V2 
e 


<8 


The AS 


y 22 + Z, + (Hy)a w 2) 


Neglecting head loss and assuming the venturi is level (Z, = 
Z,), the above equation becomes: 


Pi rs Vi P2 , V3 
Wee Wee ee 


Rewriting this equation gives: 


HE = (9.5) 
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From the continuity equation (A, V, = A,V>), we know that: 


2 
D?V,= D3V; or V,; = (22 2 = (22) v3 
Date oOo. Ae D, V, and Vj = De V3 


1 


Substituting this into Equation 9.5 gives: 


4 
D 
Ealeenlee 


and solving for V3 gives: 


2g (Pi — P2/w) 


V2 % [1 - (D,/D,)*] 
Or: 
2 piee [(p: — P2)/w] 
Mince | [1 - (D,/D,)‘] ) 


This is the theoretical velocity through the throat of the ven- 
turi section. The actual velocity can be determined by multiplying 
the theoretical velocity by the coefficient of discharge, Cy. There- 
fore, the velocity in Equation 9.6 is actually: 


2g [(p: — Pp2)/w] 
i=.) 


Vi= CC, (9.7) 
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By continuity Q = V,A,, Equation 9.7 becomes: 


2g [(pPi: — P2)/w] 


Se eee ene (D0. 


(9.8) 


(Pi — p2)/w is the difference between the upstream and throat 
pressures in the venturi in feet of water. 

The coefficient of discharge (C,) for venturi meters is much 
higher than for orifice plates since there is less turbulence due to 
the smooth flow transition. The coefficient of discharge for a ven- 
turi meter may vary from 0.96 to 0.98 depending on the flare of 
the exit cone. This equation can also be used for a direct solution 
of a pipe orifice problem where the upstream velocity is signifi- 
cant, as indicated previously in this chapter. 


Example 9-3 


Given a venturi section with an upstream diameter of 12 in and 
a throat diameter of 10.5 in, the discharge coefficient for the 
venturi meter is 0.96, the pressure difference [(p; — p2)/w] is 2 in 
of water, calculate the flow. 

Using Equation 9.8: 


2g [(P: — p2)/w] 


= CA 
Q nak 1 —(D./D,)* 
Cy = 0.96 
10.5 
i. 12 
A, = 5 = 0.601 
Dyes ie: 
2 = —= = 0.875 
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4 
D 
(22) = (0.875)4 = 0.586 


1 


= 2 
Pi £2 = Fe) 16 teet-ot-witer 
Ww i 
i Oy aa re a 
= 0.586 


@OF— 0 4rcis 


There is a trend toward the development of so-called insert 
flow tubes or nozzles which have a shorter laying length and slip 
directly inside the regular pipe. The shorter length can only come 
about by a greater angle of flare in the exit cone. This in turn 
must reflect in a less efficient conversion of velocity to pressure 
at this point, causing the total head loss to increase. 


RATE OF FLOW CONTROLLER 


In water treatment plants, the flow through rapid sand filters is 
normally controlled by some form of flowrate controller. The 
operation of some rate controllers is based on the venturi meter 
principle. A cutaway illustration of such a rate controller is shown 
in Figure 9-4. 

The need for such a unit is generally brought about because 
of the accumulation of suspended matter in the sand bed during 
the filter cycle. The filter normally begins its operation with about 
a foot of head loss. At the termination of the cycle, the loss is 
perhaps 8 feet of water. Since flow through the bed is a direct 
function of the head loss, such a sand bed would have very high 
flows initially in contrast to the final flow. The rate controller is 
a type of valve which opens up, and thus reduces head loss through 
the valve, as the head loss in the sand bed accumulates. Thus, 
the total head loss through the system is kept constant and the 
flow through the sand bed is likewise constant. 
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BEAM ARM 


MOVABLE 
VALVE STEM 


FLEXIBLE 
DIAPHRAGM 


Figure 9-4. Rate of flow controller. 


The valve mechanism is controlled by the flow through a ven- 
turi meter. The pressure differential created regulates a flexible 
diaphragm which adjusts the valve opening in the controller so 
that a constant rate of flow is maintained. 


MANOMETERS 


A manometer is an instrument used for measuring pressure. Dif- 
ferential manometers are often used for determining differences 
in pressure across orifices, venturi meters, and other flow mea- 
suring devices. The simplest type of manometer is illustrated in 
Figure 9—5. Water rises in the tube which is connected directly 
to the conduit. The pressure intensity is measured by the vertical 
distance, h, from the liquid surface in the tube to the point where 
the pressure is to be measured (center of conduit). In this case, 
the pressure intensity is expressed in terms of feet of the liquid 
(water), which is rising directly from the conduit into the manom- 
eter tube. If the specific gravity of the liquid is S (see Chapter 1 
for definition of specific gravity), then the pressure intensity, in 
feet of water, at point A is: 


Pa bs 


For some cases, the distance, h, may be impractical if the 
pressure in a pipe is high. In such cases, a second liquid of greater 
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Figure 9-5. Example of a simple manometer. 


specific weight, such as mercury, is employed. A differential ma- 
nometer, the type most commonly used in water and waste treat- 
ment works, determines the difference in pressure intensities at 
two points, A and B, when the actual pressure at any point in 
the system is unknown. An example of a differential manometer 
is given in Figure 9-6. 

In any differential manometer problem, the general proce- 
dure to be followed may be outlined: 


1. Start at one end of the manometer and write the pressure 
there, either as a known quantity or as an approximate sym- 
bol if the value is not known. 


aps 


Figure 9-6. Differential manometer. 
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2. Add to this the change in pressure intensity from one liquid 
surface to the next liquid surface (plus if the next liquid sur- 
face is lower, minus if higher). For feet of water this is the 
product of the difference in elevation in feet and the specific 
gravity of the liquid. 

3. Continue until the other end of the gauge is reached, and set 
the resulting expression up to that point equal to the pressure 
at that point, known or unknown. 


It is essential that one use consistent units when writing such 
an expression for manometers. 

Applying the procedure as outlined to the example of a dif- 
ferential manometer as shown in Figure 9—6, one obtains: 


Pa + h,S; + h)S; — h.S, — h3S3 = pg 
Pa — Pp = — h,S, — h,S; + h,S, + h5S; 
Pal—"ps = "hs, hy Sy ts 
If h, = h, and S; = S,, as in a normal manometer, then: 


Pa — Ps = h,(S2 — S,) 


Example 9-4 


A differential manometer of the type shown in Figure 9—6 con- 
nects two points on a pipe system carrying water. The manometer 
fluid is mercury and the differential gauge reading, hy, is 5 in. If 
h, is 4 in and h; is 4 in, what is the pressure drop between points 
A and B in feet of water? 


Solution: 


Pa se h,S; Sr h,S, os h,S, i 


< 


h3S; = pz 


4 5 5 4 
Pa + 1p) + 75) ~ Fp (13.6) gets: 
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Pa — Pp = 5.24 ft of water 


PROBLEMS 


9-1. What is the discharge through a 200-by-100-in venturi me- 
ter for a 2-in reading on a water-air differential manometer 
if C; = 0.99? 


Answer: QO = 183 cfs 


9-2. Consider the system shown in the drawing below. Com- 
pute: (a) the discharge through the 4-in orifice if C,; = 
0.85, and; (b) the head loss for the flow computed in part 
a. 


Air Pressure = }4 psi 


Air Pressimre = 3) psi 


Answer: a. -Q = 1.37 cfs 
Diapelives o25 lift 


9-3. Compute the gauge difference on a mercury-water differ- 
ential manometer for a 5 cfs discharge through an 8-by-6- 
in venturi meter for Cy = 0.983. 


Answer: 0.568 ft 
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9-4. 


9-5. 


9-6. 
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Determine the flow through a 4-in diameter orifice (Cy = 
0.68) installed in a 6-in pipe when the gauge difference is 
2 in on a mercury-water differential manometer. 


Answer: Q = 0.688 cfs (neglecting upstream velocity 
head) 
Q = 0.768 cfs (using the venturi equation) 


A 6-in diameter orifice with Cy; = 0.63 is installed in a 12- 
in diameter water line. What gauge difference would be 
required on a mercury-water differential manometer for a 
flow of 11.4 cfs? 


Answer: 10.50 ft (neglecting upstream velocity head) 
9.84 ft (using the venturi equation) 


Neglecting any head losses through a reservoir orifice, what 
is the rate of flow in cfs from the orifice when there is a 9- 
ft head on the 4-in diameter orifice? 


Answer: QO = 2.1 cfs 


An orifice in the side of a tank has a C, of 0.98, and an 
area of 0.087 ft?. What is the head on the orifice when the 
rate of flow from the tank is 3.0 cfs? 


Answer  he— 19.2 it 


The rate of discharge through a reservoir orifice, which 
has a 16-ft head and an area of 0.022 ft?, was measured at 
0.513 cfs. What is the coefficient of discharge for this orifice? 


Answer: Cy = 0.73 


10 


Flow Measurements 
il 


The measurement of flow in open channels or in pipes which 
normally flow partially full, such as sewers, is of importance in 
water and sewage works practice. Measuring devices which are 
generally used for this type of flow measurement are weirs or 
calibrated flumes. In the case of a free discharge from a pipe, it 
is also possible to measure certain characteristics of the discharge 
pattern and relate these to the rate of flow. 


WEIRS 


For the measurement of open channel flow, weirs find wide ap- 
plication. Weirs can be generally thought of as regularly shaped 
obstructions over which water flows. In the simplest and most 
usual form, weirs are made of smooth, flat metal plates with 
sharpened edges at the point of overflow. In this form, a weir is 
merely an orifice with flow taking place over a restricted portion 
of its edge. The classification of weirs is in accordance with their 
shape. The most commonly used weirs are the rectangular weir 
and the 90° V-notch weir as indicated in Figure 10-1. 


THE 90° V-NOTCH WEIR 


The V-notch weir is best suited for measuring small flows. In this 
case, the head for a given flow is accentuated and the accuracy 
in measurement enhanced. This type of weir can be easily placed 
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RECTANGULAR 
WEIR 


vV-NOTCH (90°) 
| WEIR 


Figure 10-1. Rectangular and V-notch weirs. 


in a small channel or in a sewer manhole. The general equation 
for flow over a 90° V-notch weir is: 


Q = 2.5 h25 (10.1) 


where h = the elevation head on the weir, as shown in Figure 
10-2. 


Figure 10-2. Side view of weir showing elevation head. 
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The rate of flow in cfs is obtained when h is expressed in feet. 
To arithmetically solve Equation 10.1, h?5 can most easily be 
thought of as the square root of h5, or Vh X h X h X hh X h. 
The evaluation of Q is simplified through the use of a graph such 
as Figure 10-3. The equation can be solved directly with a cal- 
culator with a power function. 


HEAD ON WEIR~- INCHES 
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Figure 10-3. V-notch weirs. 
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Example 10-1 


What is the rate of flow over a 90° V-notch weir if the head on 
the weir is measured as 0.5 ft? 


Arithmetic Solution: 
QO = 2.5 h2° or 2.5 ho? 


he? = (0.5)? = V0.5 x 0:5-X 0.5 x 0.5 x 0.5 = 0.18 
Q = 2.5 x 0.18 = 0.45 cfs 

Figure 10-3 Solution: 
Read Q directly as 0.45 cfs or 202 gpm. 
RECTANGULAR WEIRS 
A sharp-edged rectangular weir is best suited for accurate mea- 
surement of large flows. The flow equation for a standard rectan- 
gular weir is: 

QO7=-3.33 Lie (10.2) 
where Q = rate of flow, cfs 


L = width of weir opening, ft 
h head on the weir, ft 


In the arithmetic solution of this equation, h!> or h¥? can be 
considered as the square root of h3, or Vh X h X h. A more 
convenient method of solution of this equation is available through 
the use of Figure 10—3. This graph provides flow values for L of 
1 ft and heads up to 0.45 ft. For other widths the result must be 
multiplied by the width of the weir, L. For heads above 0.45 ft, 
the equation must be solved. 


Example 10-2 


What is the flow over a 2-ft-wide rectangular weir if the head on 
the weir is measured to be 0.4 ft? 
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Arithmetic Solution: 


Q = 3.33 (2) (0.4)32 
(0.4)32 = 0.4 x 0.4 x 04 = 0.064 = 0.253 
QO = 3.33 X 2 X 0.253 = 1.68 cfs or 756 gpm 


Figure 10-3 Solution: 
Read Q directly as 0.84 cfs for 1-ft weir. 


2 X 0.84 = 1.68 cfs or 756 gpm 


When a weir is used to evaluate the rate of flow in an open 
channel or partially full pipe, the head on the weir is measured 
with some form of hook or point gauge, staff gauge, or continuous 
water surface elevation recorder. To ensure accurate head mea- 
surements, the zero point of the gauge or recorder chart must be 
precisely referenced to the overflow edge of the weir. Also, the 
head on the weir should always be measured far enough upstream 
from the weir so that the contraction of the water surface does 
not affect the head readings. 


ADVANTAGES AND 
DISADVANTAGES OF WEIRS.- 


The major advantage of a weir is the ease with which one can be 
installed in any system of channels. Practically any tin shop can 
fabricate a weir using regular galvanized sheet iron. It can be 
erected with a framework of lumber using plywood for strength 
and backup, and the sheet iron for the control section. 

Often a tank or other appurtenances of a system will have a 
weir as part of its normal construction to control depth behind it. 
This would be true of all clarifiers, chlorine detention tanks, etc. 
Such weirs merely need to be equipped with gauges to provide 
the necessary metering. 

A weir placed in a channel causes the water to back up, and 
this may create problems upstream from the weir. Such backup 
in sewers is sometimes critical because of surcharge problems. All 
sewers are designed to maintain scouring velocities of 1.5 to 2.5 


130 Hydraulics for Operators 


fps. The reduction of velocity due to the partial blockage of a 
weir causes the sewer to act like a long narrow sedimentation 
basin. This can be a major problem. 

Weir plates in sewers also are affected by the solids such as 
strings or rags which get caught on the lip of the weir. Constant 
supervision is necessary if a continuous recording of weir flow is 
being made. 

For a weir to function as described in the equations and curves 
in this chapter, the nappe or jet created must “leap” free from 
the sharp edge and fall freely to the channel below. If the nappe 
clings to the edge, dribbles down the plate or does not create a 
jet which is completely aerated as it falls, measurements from the 
weir will probably be inaccurate. 

Such a fall may also be a problem. In effect, since it is nec- 
essary for accuracy, it must be considered a vital part of the weir. 
Yet, this difference in water level from a point above the weir to 
a point in the channel below constitutes loss of head and where 
conservation of head is vital, a weir may be impossible to use. 


FLOW FROM THE END OF A PIPE 


If a pipe or sewer has a free discharge into the air, the horizontal 
and vertical projections of the jet of flowing water can be mea- 
sured, and these measurements then used to compute the rate of 
flow from the pipe. This method of flow measurement may be 
used where an occasional measurement is required and it is too 
difficult or too expensive to install one of the previously men- 
tioned, more conventional flow measuring devices. 

Water will fall in response to gravity just as any solid particle. 
No matter what the velocity or horizontal travel, the particle will 
begin to fall as the water leaves the pipe and in a period of one 
second will be accelerated from a vertical speed of zero initially 
to g, or 32.2 fps. Velocity is equal to acceleration multiplied by 
time or V = gt. Since the initial velocity is 0, the average velocity 
ae! 


or V = 1/2 gt. The distance an object travels equals 


velocity multiplied by time. Therefore, the vertical distance trav- 
eled (y) is y = Vt. Substituting for V: 
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y = 1/2 gt(t) ory = 1/2 gt? (10.3) 


The horizontal distance of travel is unaffected by this vertical 
acceleration and the fluid should continue on its way at the same 
velocity it had when leaving the pipe. If we call the distance trav- 
eled horizontally x, its value would be: 


x = Vt (10.4) 


Figure 10—4 indicates the method of measurement. Corre- 
sponding central points in the jet should be selected for reference. 
A large T-square of wood helps in selecting the central points and 
in making accurate measurements of the x and y distances. 

From Equations 10.3 and 10.4, the term t? can be eliminated. 


2 


x 
Dp oe, SHPYR2 Dy gatey he. 
x = Vit’ and tt = 75 


Therefore, 


or, 


Figure 10-4. Coordinates of a jet. 
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V=— (10.5) 


Q = AV and Equation 10.5 can be altered to give quantity 
by multiplying both sides of the equation by A. 


_4Ax 


Oseeny 


(10.6) 


The value of A can be obtained by measuring the depth of 
flow at the end of the pipe and computing the ratio of h/d. With 
this value, the actual area of flow follows from the hydraulic ele- 
ments curve, Figure 8—4. Knowing the area of the full section, 
the area of the partially full section can be computed and inserted 
in Equation 10.6, above. 


Example 10-3 
An 8-in pipe discharges a stream of water estimated to be 4 in 
deep at the end of the pipe. Horizontal and vertical distances to 


the center of the jet are 1 and 1.5 ft, respectively. What quantity 
of liquid is being discharged? 


h 4 
d = 8 =e UTG depth 


At this depth, the area of flow is 50% of the full area. 


A = 0.50 Xx 0.349 = 0.174 ft? 


Vy (1.5)? Tie 


Q = 0.570 cfs or 256 gpm 


PROBLEMS 


10-1. A rectangular channel has a maximum discharge of 60 
cfs. At this flow, the depth in the channel was measured 


10-4. 
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at 1 ft and the width 80 ft. Assume that a rectangular weir 
is to be built which will measure the flow without i increas- 
ing the depth of the water to more than 2 ft. How high 
should the weir plate be? Assume the length of the weir 
is 80 ft. 


Answer: 1.63 ft 


A triangular 90° V-notch weir is to be built in a manhole 
to discharge 400 gpm. What head should be provided for? 


Answer: 0.66 ft 


The head obtained in Problem 10-2 will probably cause 
excessive amounts of backup for the system in which it is 
installed, so it is decided to replace the V-notch with a 
rectangular weir having no more than 0.2 ft head. The 
designer is now concerned about the width of the man- 
hole. How wide a crest would be needed? 


Answer: 2.99 ft 


An 18-in sewer on a grade of 0.002 is presently flowing 
at 30% of full depth, and it will be metered using a 90° 
V-notch weir. Allowing for a 0.2-ft drop to the water 
surface below the weir, what would be the depth in the 
sewer above the weir, and what would be the velocity in 
the sewer at this depth and flow? Assume n = 0.015. 


Answer: New depth = 15.1 in 
New area of flow = 1.53 ft? 
Velocity = Q/A = 0.722/1.53 = 0.47 fps 


A weir plate for a 90° V-notch weir is to be laid out by a 
sheet metal fabricator. The range of flow desired is 400- 
1000 gpm. If a minimum of 2 in of sheet iron is needed 
for bolting to a plywood backup board, what minimum- 
sized rectangular sheet of 12-gauge metal would be 
needed? 


Answer: H = 0.955 ft 
Size of sheet metal = 18.2 x 18.2 in 
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Pump Types and 
Characteristics 


If two reservoirs are connected by a pipe as shown in Figure 11- 
1, the flow from point 1 to 2 is determined by the difference in 
elevation between the two water surfaces. The maximum amount 
of water the pipe connecting the two reservoirs can carry is limited 
by the total head in the system and it can be no more than Z,, 
the difference in elevation. 

For example, if reservoir B is 20 ft lower than A, and 1000 ft 
of 6-in pipe connects the two reservoirs, what is the rate of flow 
through the 6-in pipe? By referring to the nomograph in Chapter 
5, Figure 5—2, a 6-in pipe with a head loss of 20 ft/1000 ft and a 
C factor of 100 is found to have a flow of 380 gpm. The velocity 
in the pipe will be 4.43 fps. Minor losses at entrance, ¥2(V7/2g) 
= 0.152 ft, and at exit, V?/2g = 0.3 ft, are neglected because 
they are very small in comparison to the total head loss. 

If twice as much water, 760 gpm, is desired through the 6-in 


Figure 11-1. Two reservoirs connected by a pipe. 
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line between reservoirs A and B, the head loss due to friction is 
equal to 74 feet of head (see Figure 5-2). For this to flow by 
gravity, the elevation of the water surface of reservoir A would 
have to be raised 54 ft higher (see Figure 11—2) than it is now. 
With the reservoirs fixed at a differential head of 20 ft, the only 
way to increase the flow would be to introduce a pump, which 
will provide 54 ft of added head and, in doing so, cause the flow 
to increase to 760 gpm from reservoir A to B. The additional 
head required is due to an increase in friction in the pipe caused 
by the higher velocity in the pipe at the higher flowrate. As the 
flow in a pipe changes, the energy loss due to friction changes. 
The important point to be emphasized here is that a pump puts 
head into the system. 

A more common situation is illustrated in Figure 11-3. It is 
clear that water will not flow by itself from reservoir A to B. The 
pump shown must overcome the friction losses in the pipe as well 
as the difference in elevation (Z,) between the water surfaces in 
the reservoir to deliver water from point 1 to 2. The total head 
against which the pump is working is the sum of friction head and 
the static head in feet. A pump may provide head for any pur- 
pose. If reservoir B in Figure 11-3 were removed, and a fire 
nozzle inserted in its place on the end of the pipe, it is easy to 
visualize the pump supplying elevation head, friction head, and 
velocity head. In fact, if the pump were placed above the reservoir 
and properly primed, it could supply the heads enumerated above 
plus generate a suction head to lift the water up to the pump 
setting. 


Figure 11-2. 
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Z, = Ee et 


1000' - 6" 


Figure 11-3. 


Mathematically, the entire operation depends on adding all 
the different heads which are required and selecting a pump which 
can supply this total pumping head. This head and the desired 
flow constitute the specified head-discharge of the pump. These 
are sometimes referred to as the rated head and capacity of the 
pump. 

Again, the computation is easily visualized using Bernoulli’s 
equation. Referring again to Figure 11-3, and placing the pump 
close enough to reservoir A to neglect piping between the res- 
ervoir and the pump, and setting up Bernoulli’s equation from 
point 1 to 2, the following may be deduced: 


Puget iP PPNE 
at + 2p +Z,+h, = er + 2p 8 Z(H) yee (1141) 
—>» + Sod = <_—_ + 
energy energy energy’ energy 
at 1 gained at 2 lost 


There is a difference in this equation from those used up to 
this time. If the student recalls, this equation is an energy equa- 
tion and sums up all energy at point 1 as being equivalent to all 
energy at point 2 plus the energy loss from 1 to 2. 

When energy is put into the system, it must be added to the 
left side of the equation and when energy is taken out it must be 
added to the right side of the equation to create a balance. This 
is similar to a bank balance. 
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(balance at start) + deposits = (balance at end) + withdrawals 
Equation 11-1 can easily be solved for h,, the head of the 


pump in feet. In the case of Figure 11-3, the computations would 
show: 


Pi _ P2_ 
w w 
energy { Vi_ emergy { V3 _ 
at 1 2g at 2 2g 
Zam Z, = T4ft 


04+0+0+h =0+0+ 74+ (H)ay» 


From Figure 5—2, (H,)q_2) = 74 ft (neglecting minor losses), 
therefore: 


h, = 74 + 74 
h, = 148 ft 


In many manufacturers’ catalogs, the above equation would 
merely be stated as ‘‘the pumping head is equal to the lift plus 
the losses.”’ Bernoulli’s equation is one way to make certain that 
no portions of the problem are neglected. 


PUMPING MECHANISMS 


To supply the energy required to pump fluids, there are two main 
classifications of pumps, the positive displacement pump and the 
centrifugal pump. 

As the name implies, the positive displacement pump moves 
the water by positively displacing a volume. This is done using a 
piston in a cylinder or a flexible diaphragm in a chamber in com- 
bination with a system of check valves. 

The centrifugal pump relies on centrifugal force, which is de- 
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veloped by spinning or rotating an impeller at a high speed, sim- 
ilar to twirling a weight at the end of a rope or a pail of water at 
the end of a rope. This force throws the water to the outside of 
the pump with a high velocity. At this point a volute casing, much 
like the casing on the venturi meter, converts velocity head to 
pressure head. The emphasis of the discussion will be on the 
centrifugal pump since it is more commonly encountered in water 
and sewage practice (Figure 11-4). 

In its basic form, the pump consists of an impeller, which 
constitutes the moving portion of the unit. This, in turn, rotates 
in an enclosed housing or bowl. Water flows into the mechanism 
through the side of the housing, into the center of the impeller 
and, as the impeller rotates, the water is accelerated and thrown 
with a high velocity to the outside of the casing, or housing. At 
this point, the velocity is reduced, thus increasing the pressure, 
and the water is forced out of the pump. As the water is thrown 


Whirling pail ot water 
Pumpadischarges= Noleein pad: 


Impeller = arm and rope 


f= a 


Centrifugal pump coni- 
pared with pail on a rope 
being swung in a loop. 


Figure 11-4. Principle of the centrifugal pump. 
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away from the center of the impeller, a low pressure is produced 
at the center or eye of the impeller. More water then is drawn 
into the low pressure area through the suction piping and the flow 
continues, producing a continuous pumping action. The pressure 
developed depends on the speed of rotation, design and diameter 
of the impeller. It is not due to any impact or displacement. The 
effect of one impeller may not be adequate or sufficient to lift 
the water as high as necessary, and this will give rise to a need 
for multiple impellers. This will be discussed in Chapter 12. 

The parts of the pump, then, are the impeller, which is the 
heart of the pump; the casing, bowl, or housing that is around 
the impeller; and some means of turning the impeller, such as an 
electric motor and shaft. The shaft has a stuffing box or watertight 
connection which prevents leakage outside the pump as the im- 
peller rotates. 

In the centrifugal pump, there are no valves or reciprocating 
parts. The impeller and shaft assembly are the only accessories 
that move. There are no close tolerances or rubbing surfaces within 
the pump except perhaps some wearing rings which can be re- 
placed when they indicate excessive wear. The flow from the cen- 
trifugal pump is a smooth nonpulsating flow, but the pump must 
be primed if it is located above the source of liquid from which 
it is pumping (negative suction head). If the casing is filled with 
air or vapor, the impeller will not pump out such gases sufficiently 
to produce the partial vacuum needed for the atmospheric pres- 
sure to push the water into the pump. Therefore, a positive head 
is usually provided on the suction side of the pump or some source 
of priming the pump must be available. 


Characteristic Curves 


Since a centrifugal pump operates without close tolerances, some 
slipping of water from the point of high pressure to the region of 
low pressure is possible. This can be increased by throttling a 
valve on the pump discharge. In fact, many types of centrifugal 
pumps can be operated with the discharge completely closed. All 
centrifugal pumps thus operate with a potential for varying dis- 
charge and corresponding head. When a centrifugal pump is op- 
erated at a relatively constant speed, which is the most common 


Pump Types and Characteristics 141 


type of operation, the head against which the pump is working, 
in feet, and the discharge from the pump, in gallons per minute, 
can be plotted as shown in Figure 11-5. This curve is known as 
the head-discharge curve for the pump. On this same graph is 
usually shown the efficiency of the pump as well as the brake 
horsepower. The combination of these three curves is known as 
the characteristic curve for the pump. The efficiency and brake 
horsepower are on the right vertical axis, the head against which 
the pump operates is on the left vertical axis and the flow, Q, is 
on the horizontal axis. 

The efficiency of a pump is computed by dividing the work 
done by the pump, by the work required to operate the pump. 
Each value of efficiency is plotted against the corresponding dis- 
charge. The brake horsepower (the power applied to the pump 
by the motor or drive mechanism) is also plotted against the ap- 
propriate value of discharge. 

As will be noted in looking at this set of characteristic curves 
(Figure 11-5), it is very common to find that as the head changes, 
a change in discharge will occur. As the head against which the 
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Figure 11-5. Characteristic curve: centrifugal pump at constant speed. 
As seen in the curve, the maximum efficiency for this pump is 80%, its 
rated head is 98 ft and its rated discharge is 240 gpm. 
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pump is working is increased, the discharge decreases; as the head 
against which the pump is working decreases, the discharge will 
increase and, of course, as the discharge increases the power re- 
quirements will also increase. 

There is a maximum point, or peak, on the efficiency curve 
which shows the point at which the pump is most efficient and 
this will be the point where the pump should be most commonly 
operated. As the discharge varies from the optimum discharge- 
head relationship, the efficiency will be reduced. Operation away 
from the point of peak efficiency is a more expensive way of 
operating the pumping unit. 


Types of Centrifugal Pumps 


There are several types of centrifugal pumps. A pump may be 
classified by the direction of flow as it leaves the impeller. The 
orientation most frequently encountered is one in which the flow 
leaves the impeller at 90° from the direction at which it entered 
the impeller. This is known as the radial flow pump. The other 
designs are the so-called mixed flow pump where the discharge 
leaves the impeller at an angle less than 90°, or approximately 
45°; a third type, the axial flow pump, is a design in which the 
water leaves in the same direction as it enters. In other words, it 
is parallel to the pump shaft and direction of entry. 

Characteristically, the radial flow type of pump is used for 
high head, relatively low flow work, whereas the mixed flow and 
axial flow pumps are used to pump medium to large volumes of 
water against low heads. The common high lift pumps found in 
water distribution systems are radial flow pumps. Low lift pumps 
used to lift water from storage reservoirs to treatment plants would 
probably be mixed flow pumps. Wash water pumps are normally 
axial flow pumps. 

Centrifugal pumps are also designated by the way in which 
water enters the impeller. If from one side only, the pump is 
designated a single suction pump. If from both sides, the pump 
is known as a double suction pump. If the impeller shaft is in a 
vertical position, the pump is called a vertical centrifugal pump. 
If it is in a horizontal position, it is called a horizontal centrifugal 


pump. 
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It should be noted in the case of the centrifugal pump, by 
referring to the characteristic curve (Figure 11—5), that at zero 
discharge there is a certain head or pressure developed in the 
pump. This is commonly referred to as the ‘“‘shutoff head’ and is 
usually the maximum pressure that the pump can develop. Cen- 
trifugal pumps of the radial or mixed flow variety are designed 
such that usually no harm is done if the discharge valve on the 
pump is closed when the pump is turned on. As a matter of fact, 
this is not an uncommon way for these pumps to be put into 
operation since the power requirements are lowest at that time. 
As the valve is opened, the flow begins and the pump comes up 
to normal operating conditions. This is quite different from the 
operation of a positive displacement pump in this respect. Axial 
flow pumps are not used in this fashion either, since the head- 
discharge curve is so steep and the power requirements so high 
at shutoff head that there is danger in stalling the prime mover. 

_ Centrifugal pumps operate in a manner described by their 
characteristic curves and do not stray from them. It is not uncom- 
mon to want to know what a pump will do when placed in an 
existing pipe system. Since the discharge of the pump depends on 
the head against which it is working while the head loss in the 
pipe system depends on the discharge through it, it becomes nec- 
essary to make assumptions in a trial and error type of solution. 


Example 11-1 


Calculate the discharge from a pump whose characteristic curves 
are shown in Figure 11-5. The static lift is 75 ft. The pump dis- 
charges into a main already carrying 300 gpm. The main is 6 in 
in diameter and 1000 ft long. Assume C = 100. 


First Trial 
Head loss in the main for flow of 300 gpm, H,: 


(Figure 5-2) H, = 13.0 ft 


ll 


Static lift = 7SAOaat 


Total pump head (h,) = 88.0 ft 
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At 88 ft head, pump will deliver 280 gpm (from Figure 11—5) 


Second Trial 


Assume 220 gpm from pump 


Total flow 520 gpm (H,) = 35.0 ft 
Static lift = 75.0 ft 
Total head = 110.0 ft 


Q from Figure 11-5 = 170 gpm 


Third Trial 
Assume 200 gpm from pump 


Total flow 500 gpm (H,) = 34.0 ft 
Static lift = 75.0 ft 
Total head = 109.0 ft 


Q from Figure 11-5 = 180 gpm 


Fourth Trial 


Assume Q = 185 from pump 
Total flow 485 gpm (H,) = 33.0 ft 


Static lift = 75.0 ft 


Total head = 108.0 ft 
Q from Figure 11-5 = 185 gpm 
This is the discharge assumed. Therefore, the new pump would 


operate at a head of 108 ft and discharge of 185 gpm. This cor- 
responds to 72% efficiency, which is about 8% off the peak value. 
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POSITIVE DISPLACEMENT PUMPS 


The positive displacement pump, as indicated earlier in the chap- 
ter, actually pumps water by positively moving a given volume in 
a closed container, such as a piston in a cylinder. The operation 
of a positive displacement pump results in a pulsating flow in most 
cases. Its large number of moving parts due to the required inlet- 
outlet valves, timing cams, reciprocating equipment, etc., gives 
rise to the greater complexity of the reciprocating pump in gen- 
eral. The exceptions might be the rotary positive displacement 
pump which consists of closely fitting cams or gears which run 
together inside a casing and literally squeeze the water through 
the pump, or the diaphragm pump which has a very simple rubber 
diaphragm which is raised and lowered in a chamber. The char- 
acteristics of a positive displacement pump are such that at shutoff 
or zero discharge tremendous pressures can be developed. As a 
result, failure of either the pump, prime mover, or pipe may occur 
if the discharge valve is closed when the pump is started or in 
operation unless a bypass or pressure release valve is available. 


ADDITIONAL EXAMPLES USING 
CHARACTERISTIC CURVES 


Example 11-2 
If a pump with characteristic curves as in Figure 11—5 is operating 


against a head of 100 ft, what will be its discharge and efficiency? 
What horsepower will be needed to operate it? 


Answer: 


At 100 ft of head, this pump will deliver 235 gpm with an effi- 
ciency of 79% and a brake horsepower requirement of 7.3 hp. 


Example 11-3 


If the head in the example above changes to 110 ft, what dis- 
charge, efficiency, and horsepower will result? 
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Answer: 


At 110 ft of head, the flow will be 165 gpm, efficiency 67%, and 
power required 6.9 hp. 
Example 11-4 


If the head changes to 60 ft, what will be the discharge, efficiency, 
and power required? 


Answer: 


Discharge = 350 gpm, efficiency = 45%, 11 hp. 


Exampie 11-5 
What is the shutoff head of this pump? 


Answer: 


120 ft 


Example 11-6 


If the efficiency of this pump is to be held at no less than 70%, 
what flows can be pumped? Against what head? 


Answer: 


Flows ranging from 180 gpm to 290 gpm and with heads ranging 
from 108 ft to 85 ft. 


PROBLEMS 


11-1. It is desired to pump a flow of 200 gpm with the pump 
whose characteristics are shown in Figure 11—5. What head 
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- will this flow be delivered against and what efficiency and 


brake horsepower (bhp) can be expected? 


Answer: Head = 105 ft 
Efficiency = 75% 
bhp = 7 


A pipeline 500 ft long connects two reservoirs. A pump 
drains water from the first reservoir and discharges into 
the pipeline. The water surface of the second reservoir is 
40 ft above that in the first. A pump with characteristic 
curves as shown in Figure 11-5 is to be used and it is 
desired that 300 gpm be pumped. What should be the 
diameter of the pipe and what will be the head against 
which the pump will work? Neglect minor losses. C = 
100. 


Answer: Head = 84 ft 
Diameter = 4 in 


A pump whose characteristics are similar to Figure 11—5 
is to pump into a 10-in main 2000 ft long with an existing 
flow of 1000 gpm. The static lift is 60 ft. Compute the 
discharge from the pump. C = 100. Neglect minor losses. 


Answer: Q = 275 gpm 


From a reservoir whose surface is at elevation 750, water 
is pumped through 4000 ft of 12-in pipe across a valley to 
a second reservoir whose level is at elevation 800. If, dur- 
ing pumping, the pressure is 80 psi at a point on the pipe, 
midway of its length, and at elevation 650, compute the 
rate of discharge and the power exerted by the pumps. C 
= 100. Neglect minor losses. 


Answer: Q = 2200 gpm 
Total head = 121 ft 
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11-5. A pump is drawing water from a tank through a 4-in 
smooth suction pipe. The rate of pumping is 500 gpm. 
Compute the pressure in psi at point B on the suction side 
of the pump. C = 100. 


Answer: Pressure at B = —4.4 psi. 


12 


Pumping 


In this chapter, discussion will be concerned only with the use of 
centrifugal pumps. This will include a discussion of pumps in se- 
ries and in parallel, and the concept of suction lift and the com- 
putation of horsepower requirements. As has been discussed in 
Chapter 2, atmospheric pressure amounts to about 14.7 psi at sea 
level. This means that the pressure of the atmosphere pushing 
down on the surface of a liquid will push that liquid, under the- 
oretical conditions, to a height of 34 ft. Thus, again theoretically, 
a pump can be located as high as 34 ft above the water being 
pumped and, after being primed, lift water that distance. In actual 
practice, due to atmospheric conditions, losses due to friction, 
leaks in the pipe, vaporization of water, and other reasons, the 
practical suction lift with a properly primed centrifugal pump is 
no more than 15 ft. It is best; as indicated in the preceding chap- 
ter, to provide water to the centrifugal pump at the suction side 
under a positive pressure so that the pump can be self-priming. 
If a suction lift is to be developed, the centrifugal pump must 
have a way of being primed. This means that the casing of the 
pump must be filled with water by some means before the pump 
is started. 


HORSEPOWER 


For computing pumping power requirements, the equation relat- 
ing horsepower to flow, head, and pump efficiency can be used 
in the following form: 


149 
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hp 2 ee x pumping head 
io 3960 x E 


where gpm = amount of water being pumped (previously 
called Q), gal/min 
pumping head = summation of all heads against which the 
pump is working (obtained from Bernoulli’s 
equation, called h, in Chapter 11), ft 
E = efficiency of the pump (obtained from 
the efficiency curve for that pump) 


The horsepower thus determined will be the horsepower needed 
to drive the pump under these conditions and can be used to select 
the motor needed. 

It must be cautioned that a value for horsepower can be ob- 
tained for any of the head-discharge relationships which lie along 
the head-discharge curve of the pump (see Figure 11—S). In se- 
lecting a motor, obviously one must be chosen which will satisfy 
the worst case which the pump may be called upon to provide in 
actual service. The rated head-discharge value may not produce 
the critical condition. This can best be defined by close study of 
the pump’s characteristics. 


Example 12-1 


A pump discharging 500 gpm from one reservoir to another is 
operating against a head of 120 ft. At this point, the efficiency 
from the characteristic curves is 68%. What is the horsepower 
required to operate this pump? 


_ gpm x head 
hp = "3960 x E 


_ 500 x 120 
~ 3960 x 0.68 


hp = 22 hp 
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PUMP AND PIPE COMBINATIONS | 


It is often necessary in practice to predict flow for a system with 
a known pump and an existing piping system. This involves some 
trial and error plotting on the pump “head vs flow” characteristic 
curve, and requires consideration of many factors previously dis- 
cussed in this text. Use of an example will most clearly illustrate 
the approach to such a problem. 


Example 12-2 


A pipe system with conditions as outlined below is already in- 
stalled in a water treatment plant. If a 4-in centrifugal pump, with 
characteristic curve as shown in Figure 12-1, is installed, how 
much water will be pumped? The system has the following pipe 
arrangement. 

Suction Side. 30 ft of 8-in, 15-yr-old cast iron pipe; one 8-in 
to 4-in reducer; one 8-in foot valve; and one 90°, 8-in-long sweep 
elbow. 

Discharge Side. 2000 ft of 6-in, 15-yr-old cast iron pipe; one 
6-in gate valve; one 6-in to 4-in reducer; and five 90°, 6-in-long 
sweep elbows. 

Static Head. Suction side with 5 ft of lift, discharge side with 
20 ft of head. 


Solution 


Assume about three different flowrates at random (say, 500, 750, 
and 1000 gpm). Next, calculate the total head for each condition 
of flow in the existing pipe system and plot on the characteristic 
curve (Figure 12-1). An example of calculations for the 750 gpm 
flow follows: 


Suction. 

Feet of 8-in pipe 30 ft 
Length of 8-in pipe equivalent to 

190°, 8-in-long sweep elbow 14 ft 
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Head, ft. 


200 4oo 600 800 1000 1200 


Discharge, gpm 


Figure 12-1. Characteristic curve for 4-in pump. 


Length of 8-in pipe equivalent to 
1-foot valve 10 ft 
Length of 8-in pipe equivalent to 
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~ 1 reducer (d/D = 1/2) 4 ft 
Suction equivalent 8-in piping; Total = _58 ft 

Discharge. 
Feet of 6-in pipe 2000 ft 
Length of 6-in pipe equivalent to 
5—90°, 6-in-long sweep elbows (5 x 11) 55s it 
Length of 6-in pipe equivalent to 
1 reducer (d/D = 2/3) 3 ft 
Length of 6-in pipe equivalent to one 
6-in gate valve (wide open) Bote 


Discharge equivalent 6-in piping; Total = 2061.5 ft 


Then, from Figure 5—2, loss of head due to friction can be cal- 
culated for the equivalent lengths of 8-in and 6-in pipe: 


8-in suction friction head 1.0 ft 
6-in discharge friction head 146.0 ft 
Suction lift, static my Ws wa 
Discharge lift, static 20.0 ft 
Total dynamic head 172.0 ft 


For flows of 500 and 1000 gpm, the total head may be calculated 
in similar fashion to be 85.2 and 275 ft, respectively. Since 500 
gpm gives a lower head than can be read on Figure 12-1, it is 
well to calculate a point intermediate between 750 and 1000 gpm. 
If, for example, 900 gpm is chosen, one can calculate the total 
dynamic head to be 237 ft. 

Then, if all three head values are plotted as shown on the 
pump characteristic curve, it may be observed that with this pump 
and this system, the flow will be about 940 gpm. This value is 
defined by the point where the pipe system curve crosses the 
pump characteristic curve. Lesser flows may be obtained by add- 
ing head loss to the piping system. This may be done easily by 
throttling a valve. No greater flow than 940 gpm can be obtained 
through this piping system. 

An additional example serves to further illustrate approaches 
to an overall solution to pump-pipe combinations. 
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Example 12-3 


Given the pump as shown: 


Static 
Discharge 
Head 


SbauLe 
Suction 
Lift 


The suction pipe is 6-in in diameter and the discharge pipe is 5- 
in in diameter. The pump is pumping 500 gpm with an efficiency 
of 70%. 

What is the total head against which this pump is working, 
and how much power is needed to drive it? 

Writing a Bernoulli equation between a point on the water 
surface at the pump suction and a point at the discharge of the 
6-inch pipe gives: 


He + Zo + Ph 


(1-2) 


(All other terms in this Bernoulli equation are zero.) Therefore, 
the pump must supply energy to meet the velocity head (V2/2g), 
the static head (Z,), and the friction head CAL iis) 


Static Head 


Static suction lift 8 ft 
Static discharge head 91 ft 
Total static head 99 ft 
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Pressure Head 


Since both suction and discharge water surfaces are open to the 
atmosphere, there is no pressure head. 
Head required due to pipe friction: 


Six-inch Pipe. First, fittings are converted to equivalent length of 
straight pipe. 


6-in Borda entrance 16 ft 
6-in, 90° long radius elbow 11 ft 
Straight 6-in pipe 6 ft 
Straight 6-in pipe So tt 
Total equivalent length of 6-in pipe 68 ft 
Five-inch Pipe. 
Fittings 
5-in gate valve, completely open 3-It 
Two 5-in, 90° long radius elbows (2 x 9) 18 ft 
165 ft straight 5-in pipe 165 ft 
Total equivalent length of 5-in pipe 186 ft 


Friction Head. 


Q = 500 gpm (use nomograph in Chapter 5) 
6-in pipe, 68 ft long, H, = 


0.034 ft/ft = 0.034 x 68 7 pe ie i 
5-in pipe, 186 ft long, Hy = 
0.08 ft/ft = 0.08 x 186 14.9 ft 
Total Friction Head = lYi2e tt 
Velocity Head. 
2 
pee ae MES) RNY Tapeh 
4 
OF AG cre ai 1.11 cfs 


~ 60 X 7.48 60 x 7.48 


= — = 8.16 ft/sec 


OF 1 it 
Male ro 136 
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V2 _—- 8.16 X 8.16 
Veloci = — = —__——- = 1 Mit 
elocity head 2g a 


Total head against which the pump is working: 


Static head 99.0 ft 
Pressure head 0 
Friction head be-2e tt 
Velocity head 1.04 ft 
117.24 ft 


Since velocity head is usually a small amount of head loss with 
respect to the total head, it generally is neglected. 


Power Required (equation from Chapter 11) 


gpm xX head — 500 x 117.2 


Horsepower =o 0en) apie mes060 Ber 7 


= 21.2 horsepower 


CENTRIFUGAL PUMPS IN SERIES 


If the head against which a pump is to work is greater than the 
head that can be developed by one impeller, then it is common 
practice to put more than one impeller together in series. When 
this is done, the discharge of one impeller is directed into the eye 
of the next impeller and on into another, depending upon the 
number required so that the flow is constant through each im- 
peller, but the head supplied by each one is added to that of the 
previous impeller. As a result, this multistage pump will deliver 
water to as high a head as is necessary. The system, head vs 
discharge, curve of more than one impeller in series is best shown 
by a diagram with the discussion of how this system curve is pro- 
duced (Figure 12—2). It should be noted that impellers in series 
implies more than one impeller in a single casing. Pumps in series 
implies two or more pumps connected in series. The same theory 
applies in both cases. The arrangement of impellers in series is 
best illustrated in practice by the deep well turbine pump which 
may consist of several stages or impellers on one shaft driven by 
one motor. 
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Figure 12-2. H vs QO curves for (a) one pump and (b) two pumps with 
characteristics like (a) in series. 


Example 12-4 


If the head against which two pumps in series, for which char- 
acteristic curves are shown in Figure 12—2, are working against a 
head of 200 ft, what will be the discharge from the two pumps? 
Refer to Figure 12-2. 


Answer: 190 gpm 


PUMPS IN PARALLEL 


When it is necessary to pump greater amounts of water than the 
capacity of one pump alone, it is common practice to put two or 
more pumps in parallel, in which case all pumps take water from 
the same source and deliver it to a common header or discharge 
line. When pumps are connected in this way, it is approximately 
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correct to assume that the head against which each of the pumps 
is working is the same, but as more pumps are added the dis- 
charge pressure normally increases. To calculate the total flow, 
the individual flows from each of the several pumps are added 
together to obtain the total flow from the parallel pumping setup. 
The development of the system, head vs discharge, curve for two 
pumps in parallel again, is best illustrated by an example (Figure 
12-3). 

If two pumps with identical characteristics are put together in 
series, the resulting head vs discharge curve would be determined 
as follows: Since the flow is the same through both pumps, the 
head is supplied by each of the various flows. At zero (Figure 12— 
2), pumps 1 and 2 have a head (shut-off) of 110 ft, the system 
(both in series) then has a shut-off head of 220 (110 + 110). When 
the flow is 100 gpm, each pump develops 106 ft of head so the 
system head at that flow is 212 ft. This type of computation is 
used to complete the system curve shown in Figure 12-2. 

If two pumps with identical characteristics are put together in 
parallel, discharging into a common header, they generally can 
be considered to be operating against a common head. The H vs 
Q curve for the two pumps in parallel (system curve) is computed 
by assuming various heads and adding the flows produced by each 
pump at that head to get the total discharge of two pumps acting 
together. At 110 ft of head (shut-off head) neither pump is dis- 
charging anything (Figure 12—3). At 100 ft of head, each pump 
is delivering 290 gpm for a total of 580 gpm (290 + 290). At 80 
ft of head, each pump discharges 392 gpm, a total of 784 gpm, 
and so on. For the computation of the system H vs Q curve, 
several such points are taken and the resulting curve drawn. 


Example 12-5 


Two pumps connected in parallel as shown in Figure 12-3 are 
pumping against a head of 90 ft. What is the total flow into the 
system? Refer to Figure 12-3. 


Answer: Each pump discharges 350 gpm, a total of 700 gpm. 
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Example 12-6 


If the efficiency of the pumps in Examples 12—4 and 12-5 were 
75%, what horsepower would be needed to run the system in 
each example? 


u pet ese ye 
orsep = 3960 - E 


From Example 12—4, Q = 186 gpm, h = 200 ft 


186 x 200 
bP = aq60SCTSE ee 


From Example 12-5, Q = 700, h = 90 ft 


700 x 90 
rues phys alka alte eS | 
P ~ 3060 x 0.75 


Example 12-7 


Given two pumps, the characteristic curves for which are shown 
in Figure 12—4, determine the combined discharge for pumps A 
and B in parallel, if the head against which they are pumping is 
70 ft. Refer to Figure 12-4. 


Answer: Pump A discharges 250 gpm 
Pump B discharges 455 gpm 
Total 705 gpm 


PROBLEMS 


12-1. Pumps A and B, whose characteristics are shown in Fig- 
ure 12—4, are to be placed in parallel to pump against a 
head of 75 ft. Compute the flow from each pump, and if 
they have an efficiency at that discharge of 70%, what 
size motor is needed to drive each pump? 


Head ft 
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Discharge gpm 


Figure 12-4. 


Answer: Pump A = 175 gpm, Horsepower, = 5 
Pump B = 425 gpm, Horsepower, = 12 


Pumps A and B of Figure 12-4 are to be placed in series. 
If the flow desired is 150 gpm, what head will this flow 
be delivered against, and what head is contributed by 
each pump? 


Answer: Pump A = 150 gpm at 76 ft 
Pump B = 150 gpm at 95 ft 
Total head Lit 
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12-3. . 


3 


A centrifugal pump with characteristic curves as shown in 
Figure 12-1 is to take water from a river and discharge it 
through 450 ft of 6-in pipe to 3 pulp washers. Each ma- 
chine will require 350 gpm of water when in operation, 
and the water must have a head of 65 ft at entrance to 
the machines. The static lift from the river to the ma- 
chines is 100 ft. (Assume minor losses will be 10% of the 
pipe loss and C = 100.) 


a. With three shifts working all three washers are in use, 
specify head and discharge needed. 

b. With two shifts and two machines, specify head and 
discharge needed. 

c. With one shift and one machine, specify head and 
discharge needed. To use the pump given, how much 
head must be lost in throttling valve? 


Note: The student should realize that this pump would be 
a poor choice for such service. If one pump must 
be used, it should have a flat head-discharge curve. 


Answer: a. 239 ft, 1000 gpm (from curve) 
b. 195 ft (throttled), 700 gpm 
c. 173 ft, 350 gpm, 137 ft of head lost 
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